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THE PHARMACOLOGICAL ESTIMATION OF 
ADENOSINE AND HISTAMINE IN BLOOD. 


By G. 8. BARSOUM ann J. GADDUM., 
(From the Pharmacological Department, Egyptian University, Cairo.) 
(Received April 8, 1935.) 


THE introduction of sensitive and specific pharmacological methods of 
estimation has led in recent years to various interesting advances in our 
knowledge of the physiological importance of acetylcholine. The present 
work was undertaken with the object of developing sensitive and specific 
tests for adenosine, and the compounds of adenosine which are known to 
occur in the body. It has led to the development of new methods of 
testing for histamine, and to the discovery that this substance is normally 
present in blood. 


Tar PHARMACOLOGICAL ACTIONS OF ADENOSINE. 


The pharmacological activity of adenosine was discovered by Drury 
and Szent-Gy 6rgyi [1929] and a general account of its actions was given 
by Bennet and Drury [1931]. References to more recent work will be 


found in a paper by Gillespie [1934]. The action of adenosine on plain 


muscle is generally inhibitory, but it causes a contraction of the uterus of 
& virgin guinea-pig. The action of adenylic acid, or of adenylpyro- 
phosphate, resembles that of adenosine qualitatively, but in certain kinds 
of tests these compounds are slightly more active, and in other kinds of 
tests they are slightly less active, than adenosine. 

In the search for a sensitive tissue adenosine has been applied to a 
number of different kinds of plain muscle. The fact that it causes a con- 
traction of the uterus of a virgin guinea-pig has been confirmed. It was 
also found to cause a contraction of the uterus of a pregnant guinea-pig. _ 
On the other hand, it was found to produce inhibition of strips of the 
uteri of dogs, cats, rabbits and rats, and of the oviduct of a hen. Itinhibits 
muscle from any part of the alimentary canal. Saad [1935] found that it 
inhibited the splenic capsule of a dog or rabbit. The guinea-pig’s uterus — 
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is thus exceptional in its response to adenosine. The only evidence known 
to us of an augmentor action of adenosine on another kind of plain 
muscle is the observation that large doses produce vaso-constriction in 
the perfused lungs of cats [Gaddum and Holtz, 1933]. 

The plain muscle of the intestinal tract appears to be especially 
sensitive to adenosine. Inhibition occurred when adenosine was applied 
in concentrations between 10-* and 10-* to pieces of intestine from a toad, 
rabbit, pigeon, goose, fowl, cat or guinea-pig. Similar effects were obtained 


with pieces of the proventriculus of a goose or fowl, or the stomach of a 


guinea-pig. 
The most sensitive preparations were made from the rectal caca of 


fowls. These are inhibited by adenosine in a concentration of about — 


10-7, and have been used as a sensitive reagent for both adenosine and 
histamine. 
THE REACTIONS OF THE FOWL’S RECTAL CA&CUM, 


The proximal portion of a fowl’s rectal cecum near where it arises 
from the rectum was removed from the fowl, and suspended in Tyrode’s 
solution’ at 38°C. The length of the longitudinal muscle was recorded 
isotonically with a magnification of about 15. The tension on the muscle 
was about 5g. wt. In some cases the volume of the bath was 20 c.c., but 
in others a 2c.c, bath was used in order to economize material. The 
muscle sometimes showed a tendency to develop tone spontaneously if it 
was left for more than a few minutes in the small bath. This tone dis- 
appeared immediately when the fluid in the bath was changed. It 
developed more rapidly in small baths than large ones, and it was possibly 
due to the diffusion of contractor substances out of the muscle [cf. 
le Heux, 1919]. However, satisfactory comparisons between two solu- 
tions could be made by continually changing the fluid in the bath, and 
testing the effect of the solutions before the spontaneous tone developed. 
The preparation was often erratic at first, but after several trials with 
drugs the responses became constant and the preparation could then be 
used for an hour or two before it again became erratic. 

Before using the rectal cecum to test extracts, tests were made of its 


reaction to various simple known substances which might be present in ' 


extracts. The effects of these substances were studied by adding them to 
the bath dissolved in a small volume of water. In the following account 
the dose of each substance is given in terms of the final concentration in 
the batli, and to facilitate comparisons these concentrations are given, in 
almost all cases, in parts per million (10-*). 
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ESTIMATION OF ADENOSINE AND HISTAMINE. 3 


Inorganic substances. The effect of distilled water on the rectal caecum 
was the same as its effect on the guinea-pig’s uterus described by Dale 
[1913]. When the volume added was about 10 p.c. of the volume of the 
bath it caused a contraction. When the volume was 5 p.c. of the volume 
of the bath it caused no effect by itself, but increased the effect of 
histamine, and presumably of other contractor drugs, while it diminished 
the inhibitor effect of adenosine. Volumes less than 1-5 p.c. did nat have 
any appreciable effect. 

A hypertonic solution of NaCl produced the opposite effect, The 
addition of sufficient NaCl to increase the tonicity of the bath by 5 p.c. 
produced inhibition. Smaller doses produced a diminution of the response 
to histamine. 

The concentration of KCl in Tyrode’s solution is 200x10-*. The 
action of additional KCl on the rectal cascum resembles its action on 
leech muscle. Comparatively low concentrations (100 x10-*) caused 
relaxation followed by contraction. With higher concentrations the 
contraction increased and the initial relaxation became insignificant. 

The concentration of CaCl, in Tyrode’s solution is 200x10-*. The 
action of additional CaCl, is exactly the reverse of that of KCl except that 


the effective concentrations of CaCl, are about one-third of those of KCI. 


A concentration of 25 x 10~-* caused contraction and a concentration of 
100 x 10-* caused a contraction followed by relaxation. 

The addition of sodium citrate, which was used in some experiments 
as an anticoagulant, caused a small relaxation. The lowest effective 
concentration was 400 x 10-*. 

The concentration of MgCl, in Tyrode’s solution is 10x 10-*. The 
addition of MgCl, caused relaxation of the rectal cecum. The smallest 
effective concentration was 100 x 10-¢. 

The addition of NaOH to the bath caused contraction of the rectal 
cecum, and the addition of HCl caused relaxation. In both cases the 
lowest effective concentration in the bath was about N/2000. 

Histamine. Histamine causes a contraction of the rectal cecum which 
in most cases lasts only a few seconds and is followed by relaxation. — 
After 2-10 min. the muscle regains its original length, or may become 
longer than before. The smallest concentration which produced a con- 
traction was usually 0-01 x 10-*, though some muscles were more sen- 


sitive than this. When the dose was increased, the size of the contraction 


increased over a certain range of doses, and the secondary paralysis also 
became more marked. If a comparatively small dose of histamine was 
added to the bath during this paralysis it had no action, but the muscle 
| 1—2 
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was still sensitive to other drugs. Thus it will be seen in Fig. 1 that the 

presence of histamine in the bath rendered the muscle insensitive to doses 

of histamine sixty times as large as those which had previously caused 

a contraction. On the other hand, the response of the muscle to barium, 

acetylcholine or adrenaline was only slightly diminished by the presence 


Fig. 1. | 


Fig. 1. Fowl. Rectal cecum, Concentrations in y per c.c. AC, acetylcholine 0-025; Ba,, 
barium chloride 125; Adj, adrenaline 0-001; H,, histamine 0-02. AC,, Ba,, Ad,, same 
doses after adding histamine (4) to the bath. H,, histamine 1-2. 

Fig. 2. Guinea-pig. [leum. Concentrations in y perc.c. H,, histamine (0-05); H,, histamine 
(0-2) after adding histamine (2) to the bath; Ba, and Ba,, barium chloride (100) before 


of histamine in the bath. Similarly, it was found that the sensitivity of 
the muscle to NaOH, KCl, adenosine, or distilled water was practically 
unaffected by the presence of histamine in the bath. The attention of 
one of us was drawn to a similar phenomenon in another tissue some time 
ago by Dr A. C. White. 

These facts can be made the basis of a method of confirming the 
identification of active substances in tissue extracts. If the addition 
of histamine to the bath causes the effect of an extract to disappear 
the conclusion that the effect of the extract is due to histamine is 
confirmed. | 
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ESTIMATION OF ADENOSINE AND HISTAMINE. 5 


This paralytic effect of large doses of histamine is not peculiar to the 
rectal cecum. The muscle of the alimentary canal of most animals 
responds in the same way [see Feldberg and Schilf, 1930], and a similar 
paralysis may develop in other plain muscles. The rectal cecum differs — 
from most plain muscles in the rapidity with which the paralysis develops. 
If a large dose of histamine is applied to a piece of ileum from a guinea-pig 
the muscle gives a prolonged contraction. In the course of an hour or so 
it relaxes to its original length and then gives no response to the addition 
of further small doses of histamine (see Fig. 2). The effect of histamine 
on the guinea-pig’s ileum thus differs in its time relations, but not in its 
quality, from its effect on the rectal cecum. : | 

Adenosine. Adenosine causes inhibition of the tone and movements 
of the rectal cecum lasting a few minutes. 
The smallest concentration which pro- 
duced this effect was between 0-1x 10-4 
and 0-5x10-*. When larger doses weré 
used the depth of the relaxation in 
creased, but its duration was not much 

Experiments were carried out to deter- 
mine whether the presence of large quan 
tities of adenosine in the bath would 
render the muscle insensitive to this drug 
and so provide a method, similar to that 
discussed for histamine, by which it would 
be possible to distinguish effects due to 
adenosine from those due to other in- fig 3) Fowl. Rectal cwcum. Effects 


adenosine did not resemble histamine in 

this respect. In the experiment from which Fig. 3 is taken, adenosine in a 
concentration of 20 x 10-* caused a marked relaxation lasting 7 min. The 
fluid was left in the bath, and a dose of adenosine corresponding to 
a concentration of 0-5 x 10-* was added. This small dose caused an effect 
at least as large as it had caused before, in spite of the fact that adenosine 
corresponding to forty times the dose was presumably already present 
in the bath. 

The meaning of this phenomenon has not been fully investigated. The 
possibility that the muscle had destroyed the adenosine in the bath was 
not definitely excluded. This result is not included in Fig. 3 because in 
other experiments the presence of a large amount of adenosine in the bath 
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did diminish the effect of an additional small dose. The results described 
above are, however, typical of those of most of the experiments on this 
point. In any case it is clear that the addition of a large dose of adenosine 


could not be used as a reliable test to distinguish effects due to adenosine 


from those due to other substances. 

Other drugs. The effects of other drugs have no special interest. 
Acetylcholine (0-02 x10-*), choline (20x10-*), or barium chloride 
(125 x 10-*) caused contraction. Adrenaline (10-*) caused inhibition. The 
action of choline or acetylcholine was inhibited by atropine. | 


THE ACTION OF SIMPLE TISSUE EXTRACTS ON THE RECTAL CACUM. 


_...Extracts of various tissues from dogs were prepared by placing the 
tissue in trichloroacetic acid (10 p.c.) and disintegrating the tissue in this 
liquid. After filtration.the trichloroacetic acid was removed with ether, 
which was then distilled off. It was at once apparent that the effects of 
such extracts on the rectal czecum could not be entirely due to substances 
of known composition, Many of the extracts caused a contraction of the 
muscle, which developed slowly and was clearly not due to histamine. 
The substance producing this effect appeared to be present in much 
higher concentration in extracts of blood than in any of the other extracts 
tested. It is probable that the slow contraction which some of these other 
extracts produced was mainly due to the blood which was present in the 
tissue at the time the extract was made. The presence in blood of a 
substance having such an action on the intestine has been detected by 
various workers. It is probably identical with the substance known as 
spatgift [Cannon and dela Paz, 1911; O’Connor, 1912; Freund, 1920; 
etc. ]. 

Since blood contained especially large quantities of this substance 
which interfered with the tests, attention became focused on the problem 
of estimating histamine and adenosine in blood. It was found that the 
unknown contractor substance could be destroyed by adding either acid 
or alkali to the extract and boiling it. Evidence was obtained that the 
extracts which had been boiled in acid contained histamine, and inorganic 
salts, but no other pharmacologically active substances in sufficient 
quantities to have an action in the tests used. Adenosine would be 
destroyed by this treatment. Such extracts can be used to estimate the 
blood histamine, but if the concentration of histamine is low it may be 


necessary to separate the histamine from the inorganic salts. The details 
of the test are described below. 
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had been boiled in alkali (B,) was smaller than 


only had the inhibitory action of the adenosine 
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The extracts which had been boiled in alkali contained histamine, 


inorganic salts and a substance or substances resembling adenosine. 


Histamine was found to be partly destroyed 
by boiling in alkali, but it was not completely 
removed by this treatment. | 
These conclusions are illustrated in Fig. 4. 
The effect of the extract which had been 
boiled in acid (A,) was due to histamine and 
disappeared when histamine was added to the 
bath (A,). The effect of the extract which 


(A,) partly because of the partial destruction 
of histamine by alkali, and partly because of 
the antagonistic effect of the adenosine. When 
histamine was added to the bath the extract 


compound (B,). In addition to these known 
substances the untreated extract (C) con- 
tained an unknown substance, which caused 
a slow contracture even in the presence of pig 4 Fowl. Rectal cecum. 
histamine, and which was destroyed by boiling Effects of an extract of rab- 
either in acid or in alkali. 200 ¢.c. Tyrode). A, and A,, 

The statement, made above, that hista- Dolled im acid; B, and 5,, 
mine is partly destroyed by alkali is based on untreated; A,, B, and (C,, 


the observation that an extract, such as A,, in 
which had been first boiled in acid lost activity Presence of histamine (2y per — 


if it was then boiled in alkali. The quantity “°°” 
of choline in these extracts is generally too small to affect the result. 
Its effect can, if necessary, be eliminated by the use of atropine. 


THE DETERMINATION OF THE HISTAMINE EQUIVALENT. 


Preparation of extract. The following method was finally adopted for 
preparing an extract to be tested for histamine. 10c.c. of blood are run 
into 15c.c. of 10 p.c. trichloroacetic acid. After standing for 1 hour or 
more, the extract is filtered through paper, and the precipitate is washed 
four times with 5 c.c. of trichloroacetic acid. The filtrate is shaken four 
or five times with successive portions of ether in a separating funnel until 
it is about neutral to congo paper. 10c.c. of N HCI are then added, and 
the extract is boiled for 1-5 hours in a flask, water being added if necessary 


to prevent desiccation. The extract is then evaporated to dryness in 
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vacuo in a boiling water bath. Two portions of 10 c.c. of alcohol (96 p.c.) 
are added and distilled off in order to remove the HCI. The residue is 
extracted three times with (2+2+2) c.c. of alcohol previously saturated 
with NaCl. (The alcohol used contained about 1-4 p.c. of water.) The 


alcoholic extract is filtered, and then evaporated to dryness, and the 


residue is taken up in about 2 c.c. of water neutralized to litmus with 


2 c.c. of N NaOH. (0-28 — 2) c.c. of N NaCl (5-85 p.c.) is added and the 


total volume is made up to 2:5 c.c. 

This method of extraction is similar in some respects to that described 
by Hanke and Koessler [1920]. The use of trichloroacetic acid was in- 
troduced because the later stages of the process can be more easily carried 
out after the removal of impurities by means of this precipitant. 

The following experiments were done to determine the length of time 
that it would be necessary to boil the extract with acid in order to destroy 
completely the substances acting like adenosine. An extract of rabbit’s 
blood, prepared with trichloroacetic acid, was first boiled with alkali in 
order to destroy the unidentified contractor substance. It was then 
neutralized, and HC] was added in the quantities indicated above. After 
the extract had been boiled for different periods it was tested for its 
inhibitory action on a rectal czecum, which had been soaked in histamine. 
It was found that in 10 min. the activity was reduced to one-third and 
after 1 hour no activity could be detected. In tests for histamine, extracts 
are therefore boiled for 1-5 hours with acid to destroy the inhibitory 
substances. 


An attempt was made to simplify the process by boiling the extract 


before the removal of the trichloroacetic acid, and omitting the treatment 
with HCl. The inhibitory substances in blood were found to be compara- 
tively stable in trichloroacetic acid, and the attempt was abandoned. — 

The final extraction with alcohol removes much of the inorganic salts 
from the extracts, and is only necessary when the concentration of 
histamine is low. The salt which is most likely to interfere with the test 
is KCl. Alcohol which has been saturated with NaCl has been found to 
extract less potassium than alcohol not so treated. It was found that 
when the volumes of the fluids were as given above the concentrations of 
both total chlorides and potassium in the'final fluid were approximately 
the same as those present in Tyrode’s solution. We are grateful to 
Dr M. Khayyal for making the determinations of potassium by the 
method of Jacobs and Hoffmann [1931]. 

Testing the extract. The muscle of the lower part of the ileum of a 
guinea-pig provides a very sensitive and convenient reagent for histamine 
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[Guggenheim and L6ffler, 1916]. This muscle, suspended in 2c.c. of 
Tyrode’s solution, has generally been used in the first test of each extract, 
and an estimate has thus been obtained of the histamine equivalent of 
the extract. Extracts have then usually been tested on the rectal cecum. 
This muscle is more erratic in its responses than the guinea-pig’s ileum, 
but it is usually possible to obtain a second estimate of the histamine 


Fig. 5. I, fowl rectal cecum; II, guinea-pig, ileum; III, cat, blood-pressure after atropine. 
B, extract of rabbit’s blood boiled in acid. Doses in c.c. of blood. H, histamine. Doses 
in y. Volume of bath, 10 c.c. 


equivalent by means of this muscle. If these two estimates agree, the 

probability that the effect really is due to histamine is greatly increased. 

_ When this comparison is complete a large dose of histamine is added to the 

bath. If the action of the extract on the rectal cecum completely dis- 

: appears at this stage the conclusion that this action was due to histamine 
= receives further confirmation. 

When the blood histamine is high, as it is in rabbits, it is possible to 

carry out other tests. In the experiment illustrated in Fig. 5 the histamine 

equivalent of the blood was estimated as 11x 10-* on the guinea-pig’s 
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ileum and as 10 x 10-* on the fowl’s rectal cecum. The extract was then 
tested on the cat’s blood-pressure and the histamine equivalent was first 
estimated as 14x 10-*. This effect was probably partly due to choline, 
because after atropine the histamine equivalent was estimated as 
12 x 10-* (see Fig. 5), These tests were carried out blindly, in the sense 
that the result of each separate test was not calculated until after the test 
was complete. 

Control experiments were cafried out in which histamine was added 
to cat’s blood in concentrations of 0-1 x 10-*and 0-5 x 10-*. The histamine 
equivalents of these samples were estimated as 0-11 x 10-* and 0-45 x 10-*. 
The concentration of the histamine naturally present in cat’s blood was 
too low for any accurate estimate, but approximately 0-01 x10-*. The 
control estimate did not therefore differ from theory by more than about 
10 p.c. This error is scarcely larger than the error of the biological 
Results, The histamine equivalent of the blood of various animals was 
estimated as follows (y,per ¢.c.): rabbit, 9-6, 12; guinea-pig, 1, 1-5; dog, 
0-04, 0-06, 0-075; man, 0-03, 0-04; cat, < 0-013. It is interesting that this 
list arranges the animals roughly in the order of the sensitivity of their 
capillaries to histamine, The cat’s capillaries are very sensitive to hista- 
mine, while those of the rabbit are very insensitive. 


THE DETERMINATION OF THE ADENOSINE EQUIVALENT. 


_ In order to estimate the adenosine equivalent of blood, extracts were 
prepared with trichloroacetic acid, as in the tests for histamine, After the 
extract had been skaken with ether, 1 c.c. of normal NaOH was added to 
every 5 c.c, of extract. The mixture was then boiled for 15 min., neu- 
tralized with normal HCl, and then tested in comparison with adenosine 
on @ fowl’s rectal cecum, suspended in Tyrode’s solution containing 
histamine (2-10 per c.c.) (see Fig. 6). 

2 The reasons for believing this effect to be due to adenosine compounds 
are as follows. The substance causing the effect is stable in hot alkali, 
but is readily destroyed by hot acid (see Fig. 4). Adenosine compounds 
have a similar action on the rectal cecum, and similar properties as 
regards stability. No other substance is known to occur in the body and 
have these properties. Adenylic acid is known to occur in blood in about 
the concentration estimated by this method. Thus the average of the 
figures given by Buell and Perkins [1928] for the adenylic acid in dog’s 
blood is equivalent to 69 of adenosine per c.c. It will be seen that this is 
in the range of the figures in Table I. 
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It would, of course, be preferable to use adenylic acid, instead of 
adenosine, as a standard in estimating adenylic acid. Adenosine was used 
because the only adenylic acid available for these experiments was 
a comparatively small sample of muscle 
adenylic acid kindly supplied some time 
ago by Dr K. Lohmann. This. use of 
adenosine is, to.some extent, justified by 
the fact that, in one experiment, the 
activity of this muscle adenylic acid on 
the rectal cecum was found to be about 
two-thirds of that of adenosine, and thus 
about equal to that of the adenosine which 


The main advantage of this type of 
test lies in its sensitivity. If the muscle is 


suspended in a 2 c.c. bath a quantity of 


0-2—0-5y of adenosine can be detected, and pols 10 c.c. of Tyrode's — 
if the quantity available is three or four _¢.c.). A, adenosine, B, 
times this amount a quantitative estimate  °! 4¢ 8 blood boiled in alkali. 


Doses in c.c. of blood. 
can be obtained. The pharmacological ey 


test using the frog’s heart [Ostern and Parnas, 1932] will sometimes 
detect 0-4 of adenosine, but the preparation is often much less sensitive 
than this, and it is difficult to get reliable results by this method [Gad- 
dum and Schild, 1934]. The test used by Bennet and Drury [1931] 


requires 20y of adenosine, even when the animal is cooled, to make it . 


sensitive, The nephelometric method of Buell and Perkins [1928] is 
more sensitive than previous chemical methods, but requires at least 
200y of adenylic acid. 


THE FORMATION OF ACTIVE SUBSTANCES IN BLOOD IN VITRO. 


It is well known that when blood clots, or is shaken and allowed to 
stand, it acquires new pharmacological properties. Experiments have 
therefore been done to determine the effect of clotting and shaking on the 
histamine equivalent, and on the adenosine equivalent. 

The histamine equivalent was not found to be affected. In one experi- 
ment three samples of rabbit’s blood were taken. The first was run 
directly from the artery into trichloroacetic acid. The second was allowed 
to clot and the third was citrated and shaken. After 15 min. these last 
two samples were extracted with trichloroacetic acid. The histamine 
equivalent of the three samples did not differ by more than 10 p.c. 


4 
a 
‘a 
4 
% 
£ 
| 
3 
= 
¥ 
4 
7 
ay 
Pr 
: 
\ 


uae G. S. BARSOUM AND J. H. GADDUM. 


On the other hand, the adenosine equivalent was found to be strikingly 
affected by shaking or clotting. Table I shows the adenosine equivalent 


Taste I. Showing the adenosine equivalent (y per c.c.) of samples of citrated dog’s blood 
MS extracted at different intervals after removal from the dog (1 o.c. of 10 p.c. sodium 
 gitrate with each 9 c.c. of blood). 
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of samples of dog’s blood which was run into sodium citrate, shaken — 
sufficiently to mix the liquids, and then extracted at different times with 


trichloroacetic acid. The figures in the first column were obtained by 
letting the blood flow directly into trichloroacetic acid. It will be seen 
that the adenosine equivalent increased by 40-120 p.c. in the first few 
minutes, then diminished slowly until, after several hours, it was about 
the same as that of fresh blood. 

Control experiments showed that the increase in activity was not due 
to an action of the citrate on the rectal cecum. The effect of a sample of 
blood which was run straight into trichloroacetic acid was not affected b 
adding citrate to the trichloroacetic acid. ts 

When blood was allowed to clot its adenosine equivalent increased by 
about the same amount as when it was citrated and kept for 15 min. 
On the other hand, when chlorazol fast pink [Huggett and Rowe, 1933] 
was injected into a dog as an anticoagulant, the adenosine equivalent of 
the blood did not increase when it was removed from the dog and shaken. 

These results are compatible with the view that adenylic acid is identical 
with the friihgift which appears in blood when it is shaken [Zipf, 1931]. 


THE DISTRIBUTION OF ACTIVITY BETWEEN CORPUSCLES AND PLASMA. 


In one experiment citrated rabbit’s blood was centrifuged, and it was 
found that the histamine equivalent of the cells was about six times that 
of the plasma. 

The study of the distribution of adenosine equivalent is complicated 
by the effects of shaking. In six samples of citrated dog’s blood from the 
last two experiments in Table I the ratio of the activity in the cells to the 
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activity in the plasma obtained from the same volume of blood varied 
between 2°8 and 5-4. These results are shown in Table II. 


Taswez II, Showing the adenosine equivalent (y per c.c. of original blood) of the cells and the 


0 Wmin. Ihr 24hr. 
14 14 7 _— 
IL. Copa 30 50 — 30 25 
9 
In order to avoid the possible complication of hemolysis the blood 
was centrifuged, in these experiments, during the first 15 min. oni the 
corpuscles and plasma were then kept separately. | 
An increase certainly occurred in the adenosine equivalent of the 
corpuscles, because this quantity became greater than the original 
adenosine equivalent of the whole blood. There was probably also an 
increase in the adenosine equivalent of the plasma. When blood was re- 
moved from the dog and tested by direct application to the rectal cecum 
it caused an effect equivalent to adenosine in a concentration of 5y per c.c. 
This effect might be due to an adenosine compound, or to some other 
substance such as adrenaline. It may possibly be significant, however, 
that the adenosine equivalent of fresh blood determined in this way was 
about the same as that of the plasma of citrated blood which had been 
left until the total extractable adenosine 6 ater was the same as that 
of fresh blood. 
Discussion. 


The failure of previous attempts to detect histamine pharmacolo- 
gically in normal blood [Guttentag, 1931; Zipf and Hilsmeyer, 
1933; Macgregor and Peat, 1933; etc.] must be attributed to the use of 
extracts containing other active substances which obscured the action of 
the histamine. When these have been destroyed by acid, histamine can 
easily be detected in the blood of rabbits or guinea-pigs, and without 
much trouble in dog’s blood or human blood. The quantitative agreement 


_ between different tests, and the fact that when the muscle is specifically 


paralyzed by adding histamine to' the bath, the effect of the extract also 
disappears, makes it highly probable that the active substance is histamine 
itself. Best and McHenry [1930] extracted normal dog’s blood by a 
method similar to that described above, and got results some of which 
agree quantitatively with ours. The observation that extracts of the 
blood of rabbits have more depressor activity than the blood of other 
species [Page, 1935] is presumably due to the presence of more histamine. 
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It is hoped that, by methods such as those described here, it will be 
possible to obtain new evidence regarding the metabolism of histamine 
and adenosine, and their possible significance in reactive hyperemia and 
the effects of vaso-dilator nerves, and in such conditions as the shock due 
to burns, allergy, or intestinal obstruction. | 


SuMMARY. 


1. Pharmacological methods are described for estimating histamine 
and adenosine in blood. The tests used will detect 0-02 of histamine and 
about 0-5y of adenosine. es 

2. Histamine is normally present in human blood, and in the blood 
of rabbits, guinea-pigs, dogs and probably cats. The concentration is 
particularly high in rabbit’s blood (about 10+ per c.c.), and very low in 
cat’s blood (0-01 per c.c.?). 

3. The concentration of both substances is higher in the corpuscles 
than in the plasma. 

4. When blood clots, or when citrated blood is shaken, the adenosine 
equivalent increases, but the histamine equivalent is unaffected. 
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SOME OBSERVATIONS ON SALIVARY SECRETION. 


By W. FELDBERG! anp J. A. 
(From the National Institute for Medical Research, London, N.W. 3.) 


. (Received May 3, 1935.) 


THE experiments here described were undertaken to obtain further light 
on the meaning of certain observations recently published by Secker 
[1934]. Secker found that the saliva secreted by a cat’s submaxillary 
gland, whether the secretion occurred in response to stimulation of the 
chorda tympani or of the cervical sympathetic nerve or to intravenous 
injection of adrenaline, contained a depressor substance which, according 
to his statement, “behaves in a manner similar to acetylcholine”, He 
further found that the secretory effects of sympathetic stimulation and 
of adrenaline on the salivary gland, as well as that of chorda stimulation, 
were potentiated by a suitable dose of eserine, and abolished by atropine. 
He concluded that the effect of sympathetic impulses on the gland is 
not immediately adrenergic, but that a liberation of acetylcholine inter- 
venes in transmitting their effect, as well as that of adrenaline injections, 
to the secretory cells; so that acetylcholine, on Secker’s view, provides 
the immediate stimulus to salivary secretion whatever the primary 
method of stimulation. , 

We have repeated Secker’s experiments, and confirmed his obser- 
vation that saliva, secreted in resporise to the various stimuli, contains 
a depressor substance. Our own experiments on the properties and action 
of this substance, however, lend no support to the view that it is, in any 
case, acetylcholine, or that acetylcholine intervenes in transmitting the 
sialogogue effects of sympathetic nerves. A preliminary note on our 
results and conclusions with regard to sympathetic saliva and its secretion 
has already been published [Feldberg and Guimarais, 1935]. From 
two other sources, moreover, papers have recently appeared dealing 
with some of the matters here discussed. Cattell, Wolff and Clark 
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[1934], examining the effects of eserine and atropine on the different 

types of salivary secretion, also reach the conclusion that sympathetic 

sialogogue effects are not cholinergic. Gibbs [1935] shows that the 
_ depressor substance in parasympathetic saliva is not acetylcholine. 


METHODS, 


The animals used have been cats and dogs. These were ansesthetized 
with dial, when saliva was to be collected under the different methods of 
stimulation, for subsequent study of its activities. 

The effects of eserine on salivary secretion were studied on cats only, 
which for this purpose were anwsthetized either with dial or, in some 
experiments, with sodium veronal—the latter to make the conditions as 
closely comparable as possible with those of Secker’s experiments. 
We inserted a tracheal cannula, a cannula into a femoral artery for 
recording the arterial pressure, and capillary glass cannule into both 
Wharton’s ducts, for comparative records of the secretion of the two 
submaxillary glands. The cannule were of such diameters that 25-50 
drops of saliva represented 1 c.c. Both chorda-lingual nerves were cut 
centrally to the separation of the chorda branch to the salivary glands, 
and both cervical sympathetic and vagus nerves were cut.» For com- 
parison of the effects of successive periods of stimulation of the cervical 
sympathetic nerves, fluid electrodes of the Brown-Garry type 
(Collison’s pattern) were applied. Ordinary metal electrodes were used 
for stimulating the chorda-lingual nerves. An induction coil with auto- 
‘matic hammer interrupter was used, with 4 volts in the primary circuit. 

For experiments in which the action of saliva was tested on the 
blood-pressure of the cat, chloralose was the anmsthetic normally 
employed, being administered by intravenous injection under preliminary 
anesthesia with ether. 


RESULTS. 
(1) Pharmacological effects of saliva. 

We confirmed Secker’s observation that saliva obtained in response 
to any kind of stimulus—stimulation of the chorda or the sympathetic, 
or injection of adrenaline—contains a substance causing a fall of the 
arterial pressure when injected intravenously into the cat. The action 


is, indeed, a remarkably powerful one, produced by the injection of very 
small quantities of saliva. We proceeded to investigate the nature of this 


action and the properties of the substance responsible for it, in order to 
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test Secker’s suggestion that the substance was acetylcholine. Since, 
in the course of these experiments, differences in activity were observed 
between what, for brevity, we may term “parasympathetic” and 
‘sympathetic ” saliva, we may describe the actions of the two separately. 
It may be stated at once, however, that the depressor effects of the two 
kinds of saliva are probably due to the same substance, present in 
different concentrations; and that our evidence shows that this common 


depressor agent in saliva is not acetylcholine, histamine, adenosine, or 


any other depressor substance yet identified chemically. 
(a) Sympathetic saliva (cat). We use this term to indicate saliva 


collected from the Wharton’s duct of a cat, in most cases in response to 


stimulations of the corresponding cervical sympathetic nerve, and in a 
few cases to intravenous injections of adrenaline. This saliva has a very 


potent depressor action. If it is injected into the vein of an anesthetized — 
cat in a dose of 0-5 down to 0-1 c.c. (1 ¢.c. of a 10 p.c. dilution), the arterial — 


pressure falls steeply to a low level, and recovers slowly, as much as 
30 min. being in some cases required for the return of the pressure to the 
original level. The depression may be interrupted by a secondary pressor 
action, which may have the effect only of a partial and temporary 
recovery, Or may even cause a secondary rise of pressure above the 
initial level, before the main depressor action again becomes predominant. 
After recovery from the effect of an injection of the dimensions above 
indicated, the cat is found to give a greatly diminished response to 
subsequent similar injections. 

If doses of a smaller order are injected (0-5-lc.c. of a 2-5 p.c. 
dilution), the arterial pressure still shows a steep and pronounced fall, 
but recovery begins in a few minutes, and the pressure may show a 
secondary rise above the normal. This secondary rise of pressure, seen 
in Fig. 1, has already been mentioned as complicating the depressor 
effects of larger doses, and we made a few experiments to test the 
possibility that it might be due to an output of adrenaline, such as an 
injection of acetylcholine or histamine may evoke. Though the possibility 
of such a reaction by the suprarenal glands is not entirely excluded, it 


cannot be the main cause of the pressor phase, since this was still in 
evidence after the suprarenal glands had been removed, or excluded 


from circulation. This pressor phase of the action of sympathetic saliva 
is quite different from the powerful pressor effect which we shall describe 
later, as the initial phase of the action of parasympathetic saliva, 
and which is absent from, or weakly represented in the action of 
sympathetic saliva. 

PH. LXXXV. : 
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In the few experiments in which the sympathetic saliva (cat) was 
tested on dogs, under dial anmwsthesia, the depressor effect was at least 
as pronounced as that seen in the cat. Fig. 2 # shows the effect on a 


\ 
Fig. 1. Cat, chloralose s.p.: at A=0-1 ¢.c. 5 p.c. cat's sympathetic saliva; B=15 min. 
after the injection. 


Fig. 2. Dog 8-5 kg., dial B.p.: A =2 ¢.c. saline; B=1 ¢.c. 5 p.c. dog’s chorda saliva; ( =0-ly 
Mies D=1 ¢.c. 20 p.c. cat’s chorda saliva; #=1 ¢.c. 1 p.c, cat’s sympathetic 
va. 


dog’s arterial pressure of 1 c.c. of a 1 p.c. dilution of sympathetic saliva | : 
from a cat. Larger doses caused a very prolonged fall of arterial pressure ; 
in the dog, as in the cat. 7 
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(0) Comparison with histamine, acetylcholine, etc. For comparing the 
effects of successive injections of sympathetic saliva with one another, 
or with those of acetylcholine and histamine, small injections must be 
employed, to avoid the tolerance which larger ones produce. For such 
purposes injections of 0-5-1 c.c. of a 0-1-1 p.c. dilution caused sufficiently 


Fig. 3. Cat chloralose B.P.: A and D=1 c.c. 0-2 p.c. cat’s sympathetic saliva; B=}, C and 
E=ly histamine. Between C and D | mg. atropine intravenous. 


Fig. 4. Isolated guinea-pig’s intestine. Bath 18 c.c. Effects of histamine and saliva tested 
in Fig. 3. 


pronounced and brief ete effects, with a fair constancy on repetition, 
as seen in Figs. 3 and 5. The same saliva exhibited its depressor action 
on a rabbit under ether when histamine caused only a pressor action. 
This alone would show that the depressor constituent of the saliva is 
not histamine, and the difference between the two can be emphasized 
by comparing the effects on another type of plain muscle, such as that 
2—2 
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of the guinea-pig’s intestine, of doses of saliva and histamine producing 
similar depressor effects in the cat. In Fig. 3 the effects of 1 c.c. of a 
0-2 p.c. dilution of the saliva at A and D are seen to be somewhat larger 
than that of 0-5y of histamine at B, and somewhat less than that of ly 
of histamine at C and KE. In-Fig. 4, on the other hand, it can be seen 
that 0-25y of histamine, added to the bath at B and D, produces a full 
contraction of a loop of guinea-pig’s intestine, while 0-5 0.c. of 0-2 p.c. 
saliva at A, and even 1 c.c. of a 2 p.c. dilution at C, are without action ; 
whereas the dose given at A corresponds in depressor action on the cat 
to more than 0-25y, and that given at C to more than 5y of histamine. 
Nor is there any question of a histamine-like constituent in saliva, with 
its action on the intestine masked by antagonistic substances ; for 0-25, 


Fig. 5. Cat chloralose B.P.: effect of diluted cat’s sympathetic saliva and of acetylcholine. 
Between £ and F 2 mg. atropine intravenous. 3 


histamine still produces its normal effect, at #, when mixed with 0-5 c.c. 
of 2 p.c. saliva dilution before it is added to the bath. The salivary 
depressant is, accordingly, not histamine, or any substance having a 
similar action. 


In direct contradiction to Secker’s suggestion, our study of the 


action of the salivary depressant leads us further to the conclusion that 
it is not acetylcholine or any similar substance. The depressor effects of 
small doses bear, indeed, a superficial resemblance to those of equi- 
depressor doses of acetylcholine or histamine; the effects of large doses, 
however, are entirely incompatible with the substance being acetylcholine, 
which, in quantities causing a fall of pressure so deep and prolonged, 
would cause a prolonged vagus-like inhibition of the heart beat, which 
is entirely absent from the effect of saliva. The very prolonged depression, 
again, caused by any but very small doses of saliva, is quite incompatible 
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with the suggestion that acetylcholine is the depressor agent. We are, 
further, unable to confirm Secker’s suggestion that the effect is 
specifically paralysed by atropine. The depressor action even of a very 
small dose of the saliva is quite unaffected by a dose of atropine which ~ 
completely annuls that of an equidepressor dose of acetylcholine. Fig. 5, 
for example, shows the effects of 0:ly of acetylcholine, before atropine 
at C, and after 2 mg. of atropine at G; and of 1 c.c. and 0-5.c.c. of 1 p.c. 
sympathetic saliva, at D and E£ before atropine, and at H and F after 
2 mg. of atropine. It will be seen that this dose of atropine, which was 
sufficient—in fact more than sufficient—to abolish the depressor action of 


0-ly of acetylcholine, was without effect on the action of doses of saliva 


causing depressions of the same order. In Fig. 3, again, it can be seen that 
the depressor effect of an even smaller dose of saliva is not altered by the 
injection of 1 mg. of atropine—a quantity more than sufficient to abolish 


a similar depression, if it were due to acetylcholine. This resistance to 
atropine would not be shown by choline, or any choline derivative. 


The most sensitive reagent to acetylcholine is the strip of muscle 


from the body wall of the leech, sensitized by eserine. On this the saliva 
has no perceptible action. Even when sympathetic saliva was collected 
from the gland of a cat which had received an injection of eserine, to 


afford the optimum conditions for the escape of acetylcholine into the 
saliva, the latter, in 10 or even 20 p.c. concentration, had no effect on 
a leech preparation, which responded definitely to acetylcholine in a 
dilution of 1 in 10°. . 

The resistance of the salivary depressant principle to different kinds 
of physical and chemical treatment further differentiates it from all the 
naturally occurring depressor substances which have been chemically — 
identified. If made alkaline to a degree which causes rapid hydrolysis 
of acetylcholine at room temperature, as by adding 0-2 c.c. N/10 NaOH 
to 1 c.c. of saliva, the saliva can be kept for hours without perceptible 
loss of its depressor action. Stronger alkali (0-2 c.c. N.NaOH to 1 c.c.) 
slowly destroys the depressor action even at room temperature. At 
boiling temperature, however, the activity is rapidly annulled, not only 
after alkali has been added, but at the natural, weakly alkaline reaction 
of the saliva, and after acidification. A 5 p.c. dilution of sympathetic 
saliva was made just acid to congo red by addition of HCl. The effect 
of 1 c.c., after neutralization, on the blood-pressure of a cat is shown at 
Fig. 5 A. The remainder was heated for 30 min. in a boiling water bath, 
and l1c.c. of the boiled solution, after neutralization, was injected at 
Fig. 5 B. It will be seen that the boiling has completely destroyed the 
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depressor action. Now “boiling at this reaction would not destroy — 


acetylcholine—a fact which was confirmed, in another experiment, by 
adding a small dose of acetylcholine to a similarly acidified saliva 
dilution, and observing that its action, after heating in a water bath for 
a similar period, was identical with that of the same dose of acetylcholine 
without saliva. Histamine would be stable to boiling at any of the 
reactions employed, and adenosine would not be affected by boiling at 


moderate alkalinity. It is evident that the depressor constituent of 


sympathetic saliva is a thermolabile substance, probably of a much 
more complex character than any of these known depressants. 


Fig. 6. Cat, chloralose B.P.: effect of six successive samples of diluted cat’s chorda saliva 
(1 c.c. 5 p.c.) from one stimulation period. 


(c) Parasympathetic saliva. (i) From the cat. Saliva collected from 
Wharton’s duct in a cat, in response to stimulation of the chorda 
tympani, produces effects on a cat’s arterial pressure which are different 
in several respects from those produced by sympathetic saliva. The 


depressor effect of the parasympathetic saliva is weaker, and it is preceded — 


by a sharp pressor effect, which is nearly always to be seen, and is 
sometimes so pronounced as to become the major phase, or even the 
only action which can be observed. A comparative study of the con- 
ditions favouring the predominance of the pressor or the depressor 
constituent is rendered difficult by several factors of uncertainty. If 
successive doses, even of the same sample of parasympathetic saliva, 
are tested on one cat, a tolerance to either the pressor or the depressor 
effect may be developed, or to both simultaneously (cf. Fig. 6 A and @). 
On the other hand, different cats appear to exhibit differences in relative 
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sensitiveness to the two actions; the same sample of saliva may produce 
a predominantly pressor effect in one cat, and a predominantly depressor 
effect in another. In spite of these difficulties of comparison, it has been 
possible to obtain results of sufficient regularity to justify definite 
conclusions with regard to a number of points. 

The relative strengths of the two types of activity change during the 
progress of a continuous secretion under chorda stimulation. Fig. 6 
shows the effects of six successive samples, each of 15-20 drops of saliva, 
collected from one gland during a period of such stimulation. It will be 


Fig. 7. Cat, chloralose 3.P.: diluted cat’s chorda saliva from different stimulation periods. 
A and B=0-5 c.c. 1 p.c., C and D=1 ¢.c. 5 p.c. saliva. 


seen that the depressor effect of the first sample, tested at A, is stronger 
than that of any subsequent sample. The depressor activity is greatly 
diminished in the second and third samples, given at B and C, and 
recovers somewhat in the later samples, tested at D and E. A re-test of 
the first sample, at G, shows that the diminution of the depressor effect 
involves a genuine weakening of the depressor activity as secretion 
progresses, and is not wholly due to tolerance in the test animal, though 
some degree of this is present. 

A similar diminution of the depressor constituent of parasympathetic 
saliva, after commencement of the secretion, was also seen if the samples 
represented, not successive periods of a continuous secretion, but periods 
of stimulation for a minute, separated by intervals of 3 min. without 
stimulation. Fig. 7 shows the effects of two different doses, in each case, 
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_ of the first (A and C) and fourth (B and D) samples collected in an experi- 


ment of this kind. 

This apparent partial exhaustion, by repeated chorda stimulation, of 
the depressor constituent of parasympathetic saliva has no perceptible 
effect on the much stronger depressor activity of a sample of sympathetic 
saliva, obtained by subsequent stimulation of the cervical sympathetic 
nerve, On the other hand, if the gland has been subjected to a prolonged 
sympathetic stimulation in the first instance, even the first sample of 

parasympathetic saliva subsequently collected may be almost devoid of 


Fig. 8. Cat, chloralose 8.P.: effect of 0-5 c.c. 1 p.c. cat’s chorda saliva (A), 
: and sympathetic saliva (B). | 


depressor activity, and have a practically pure pressor action. Fig. 8 
shows the effect at A of 0-5c.c. of a 1 p.c. dilution of such a sample, 
collected during the first period of chorda stimulation, following a series 
of periods of stimulation of the sympathetic. B shows, for comparison, 
the effect of 0-5 c.c. of a 1 p.c. dilution of sympathetic saliva, collected 
during the last period of stimulation prior to the first chorda period. 
We were 80 much impressed by this association of the depressor con- 
stituent with sympathetic rather than parasympathetic stimulation, that 
we made one experiment to determine the effect of depriving the gland 
completely of its sympathetic nerve supply. One superior cervical 
ganglion was removed aseptically from a cat by a preliminary operation 
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under ether, and 3 weeks were allowed for complete degeneration of the 
postganglionic fibres. The saliva secreted in response to chorda stimula- 
tion was then collected in the usual way. Its activity was not significantly 
different from that of chorda saliva obtained from a normal cat, and 
there was no evidence of increase or decrease of the depressor in relation 
to the pressor activity. 

A few experiments were made on the effect of cat’s parasympathetic 
saliva on the blood-pressure of the dog. A sample which, when tested on 
a cat, produced a conspicuous initial pressor effect, caused a simple 
depressor response in the dog, the pressor phase being, apparently, com- 
pletely absent. It would seem, therefore, that the blood vessels of the dog 
are insensitive to the pressor constituent of parasympathetic saliva, to 
which those of the cat give such a conspicuous and prompt reaction. 

We deal later with experiments on the effects of eserine, which, in 
certain cases, was given in sufficient doses to produce a secretion of 
saliva in the absence of any artificial stimulation of either nerve supply. 
It may be mentioned at this point that a few samples of such “‘eserine”’ 
saliva were tested for their action on the cat’s blood-pressure, and were 
found to correspond closely in activity to parasympathetic saliva obtained 
by stimulation of the chorda tympani. 

So far as physiological indications enabled us to judge, we found 
nothing to differentiate the depressor constituent of ordinary para- 
sympathetic saliva, obtained by chorda stimulation, from that of 
sympathetic saliva. In its failure to stimulate the guinea-pig’s intestine, 
or the leech muscle preparation sensitized by eserine; in its stability to 


cold alkali and rapid inactivation by boiling at any reaction; and in its 


resistance to atropine, in a dose sufficient to annul equivalent depressor 
effects of choline or acetylcholine, it behaves exactly like the depressor 
constituent of sympathetic saliva, and may well be the same substance 
present in a lower concentration. The pressor activity is similarly 
thermolabile and resistant to atropine. So far, therefore, as the main 
depressor constituent of parasympathetic saliva was concerned, there 
was no greater reason for regarding it as acetylcholine, or anything like 
acetylcholine, than there was in the case of sympathetic saliva. There 
remained, however, the possibility that traces of the acetylcholine 
functioning as the transmitter of parasympathetic impulses might escape 
into the saliva, though in amounts not significantly contributing to the 
depressor action. We could find no evidence of such escape, unless the 
cat had received a sufficient dose of eserine. If the chorda was then 
stimulated, the saliva collected under the protective action of eserine 
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contained something which had a weak stimulant action on the sensitized 
leech muscle, and was unstable to weak alkali. This may well have been 
a minute trace of acetylcholine; but these are the only conditions under 
which we have detected in saliva anything which could be acetylcholine, 
or any other choline ester, even in such minimal amounts. 

(ii) From the dog. Saliva obtained from the dog's submaxillary gland 
by stimulation of the chorda tympani shows activities similar to those 
of cat’s chorda saliva when tested on the cat and dog respectively. The 
action of dog’s saliva, when tested on the cat, shows an even more 
conspicuous initial pressor phase than that seen with cat’s chorda saliva. 
On the dog’s blood-pressure this pressor effect is again absent, dog’s 
chorda saliva producing, like that of the cat, a purely depressor effect on 
the dog; and this depressor activity of dog’s saliva appears to be some- 
what stronger than that of cat’s saliva when both are tested on the dog. 
In its stability, in relation to different reactions and to heating, and in 
the resistance of its activities to atropine, the dog’s saliva is quite similar 
to that of the cat. 

(d) Human saliva. In the few experiments which we made, spon- 
taneously secreted human saliva, when injected intravenously into a cat 
_ in corresponding doses (e.g. 1 ¢.c. of a 10 p.c. dilution), produced vascular 
effects resembling those produced by cat’s or dog’s saliva, and corre- 
sponding rather to those of the parasympathetic than of the sympathetic 
saliva of the cat. The initial pressor effect was strongly marked but of 
very brief duration, and followed by the usual depression. The effects 
were abolished by boiling and resistant to atropine. 


(2) Detection of acetylcholine by systematic effects. 

- Babkin, Gibbs and Wolff [1932] first pointed out that stimulation 
of the chorda tympani in the cat, after administration of eserine, causes 
a fall of the general arterial pressure. Feldberg [1933] examined this 
effect in more detail, and showed that it was entirely due to the escape 
into the general circulation of a substance having the properties of acetyl- 
choline, and was not a result of the local vaso-dilatation. The effect is 
completely abolished by a small dose of atropine. In-cases where this 
effect was well marked with chorda stimulation, stimulation of the 
cervical sympathetic, effective in causing secretion of saliva, caused no 
depressor effect of this type. Usually stimulation of the sympathetic 
nerve before eserine caused a small rise of general blood-pressure; and 
in such cases stimulation after eserine produced the same effect, or a 
slight pressor effect might appear when there had been none before 
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eserine, In a few cases sympathetic stimulation before eserine caused a 
slight fall of arterial pressure, presumably due to a few fibres belonging 
to the depressor nerve running in the sympathetic. In such cases this 
depressor effect of sympathetic stimulation was not increased, but 
usually somewhat diminished, by eserine; whereas eserine caused the 
appearance of a pronounced depressor effect of chorda stimulation which 
was absent before eserine was given. Fig. 9 illustrates the usual contrast, 
in which, after eserine has been given, chorda stimulation (L.P.) causes 
a definite fall of arterial pressure, while sympathetic stimulation (R.S.) 


RS 
Fig. 9. Cat, dial 3.P.: intravenous injection Of 02 mig. éserine per kg. 20 min. before: 


L.P.=stimulation of left chorda-lingual nerve; R.S.=stimulation of right cervical 
sympathetic; L. and R.=secretion of left (L.) and right (R.) salivary glands. 


causes only a small rise. This line of evidence, accordingly, affords no 
support to the suggestion that the liberation of acetylcholine is involved 
in the transmission of sympathetic impulses to the salivary glands. 


(3) Effects of atropine. 

Secker [1934] stated, as further evidence for the intervention of 
acetylcholine in its transmission, that the secretory effect of sympathetic 
stimulation on the cat’s submaxillary gland is abolished by atropine. 
With a dose of 20 mg. of atropine, as used by Secker, there is no doubt 
that the sialogogue effect of sympathetic stimulation is greatly diminished, 
or even extinguished, as Langley had long ago observed. The depressant 
effect of such large doses of atropine, however, has little, if any, specific 
significance ; the effects of all kinds of stimuli may be reduced or annulled 
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by them. To obtain evidence as to the suggested cholinergic mechanism 
of the sympathetic impulses, it is necessary to examine the effect upon 
them of doses of atropine not greatly in excess of those required to 


abolish the parasympathetic secretory action. If, for example, equal 


short periods of maximal chorda and sympathetic stimulation produce 
12-16 and 3-4 drops of saliva respectively, it. will be found that 1-2 mg. 
of atropine will completely abolish the relatively powerful chorda effect, 
while the comparatively weak sympathetic effect will be, at most, 


_ reduced by 1 drop, 2 or 3 drops being now obtained in place of 3 or 4. 


It might be possible to found, on this effect, a rather weak argument 
for the presence in the sympathetic supply to the cat’s salivary gland 
of a minor cholinergic component; but it certainly gives no support 
to Secker’s suggestion of the intervention of acetylcholine in the 
transmission of all sympathetic impulses to the salivary gland. 


(4) Effects of eserine. 

(a) Spontaneous secretion. In support of his suggestion of an inter- 
vention of acetylcholine in the transmission of the effects of sympathetic 
salivary stimuli, Secker attached much importance to the observation 
that the secretion in response either to stimulation of the sympathetic 
nerve, or to injection of adrenaline, was potentiated by eserine. In 
considering the significance of this observation we must have regard to 
the fact that eserine itself may cause a secretion of saliva without any 


- nerve stimulation, Secker used 0-2-0-3 mg. of eserine per kg. in cats 


anesthetized with sodium veronal, and did not observe such a spon- 
taneous secretion. We can confirm this finding, but must add that, with 
a slight increase of dosage to 0-45 mg. of eserine per kg., we obtained 
a well-marked spontaneous secretion even in cats under sodium veronal; 
and that in cats anesthetized with dial we often obtained spontaneous 
secretion even with doses of eserine within the range of those used by 
Secker. Examples of this are to be seen in Table I. 

It is further necessary, in interpreting the results of experiments with 
eserine, to have regard to its depressant effect on the circulation. One 
to two minutes after eserine has been injected the blood-pressure usually 
begins to decline, reaching its lowest level some 10 min. after the injection, 
and then slowly recovering during the following 15 min. It is obviously 
possible that an action of eserine, which might otherwise be effective in 
producing a spontaneous secretion, may be masked by the concomitant 
defect of circulation, and that any mitigation of this defect may bring 
the secretory effect to light. In one of our experiments, for example, 
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the blood-pressure had fallen to a low level after 0-3 mg. of eserine per kg., 
and 20 c.c. of warm saline solution were given intravenously to assist its 
recovery. With the rise of pressure caused by the saline injection a 
profuse secretion of saliva began from both submaxillary glands. 
To keep a check on these actions of eserine, and to assist interpretation 
of its apparent effects on the responses to nerve stimulation, we made it 
a practice to record the secretion from the other, unstimulated gland, as 
well as from that to which stimulation was applied through the nerves. 
(b) Effects on response to sympathetic impulses. In cats under dial 
we observed only a very slight and evanescent potentiation of the effects 
of sympathetic nerve stimulation on the secretion of saliva, when care 
was taken to exclude cases in which the appearance of such a potentiation 
might arise, through what was, in fact, the onset of a spontaneous eserine 
secretion during the nerve stimulation, as shown by its simultaneous 
appearance in the unstimulated gland. As an example we may take the 
experiment numbered II in Table I. Stimulation of the left cervical 
sympathetic nerve, before eserine was given, had caused the secretion 
of only 1-2 drops of saliva. Five minutes after the first injection of 
0-2 mg. of eserine per kg. the nerve was again stimulated for 1 min., 
and a secretion started during the stimulation and continued for about 
9 min. This would have looked like a pronounced potentiation of the 
nervous effect but for the fact that a cannula had been placed in the 
duct of the gland of the other side, which enabled us to observe that this 
other gland also started a spontaneous secretion which lasted for about 
the same period. When a second similar injection of eserine was given 
1} hours later in the same experiment, secretion started in both glands 
7 and 9 min, after the injection, without any nerve stimulation. When 
such spontaneous effects could be excluded, the increase in secretion 
during a single period of sympathetic stimulation, attributable to the 
effect of eserine, never amounted to more than 1 drop of saliva on a 
previous 2 or 3, under conditions in which the eserine had caused a two- 
or threefold increase of the response to chorda stimulation. Though the 
increase in the sympathetic effect, following a first eserine injection, was 
often so slight that it might be regarded as lying within the limits of 
normal variation, as in the experiment recorded in Table II, it was 
sufficiently constant to convince us that it is a genuine effect. Table II 
illustrates another point, namely, that a further injection of eserine, 
causing a further potentiation of the response to chorda stimulation, has 
frequently a paralysing action on the response to sympathetic stimulation. 
This effect may be due to the paralysing action of excess of eserine on 
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Taste II. Experiment III of Table I. 


Number of secreted 
during stim on of 


Stimulations The left The right 
Time or injections sympathetic 
2.14 4 
- 
— 
pathetic 3 wnt 
3.00 0-2 mg, per kg. 
5 mg Eserine—no spontaneous secretion 
321 | 2 
c 2 — 
3.23 Chonda 20 
ympathetic 0 
4.13 8 thetic l — 
taneous secretion 
ic 0 
0 
4.59 21 
0-4 mg. per kg. Eserine—spont secretion 


sympathetic ganglion cells, as described by Feldberg and Vartiainen 
[1934], or may be more peripheral in its incidence. 

It will be seen from the record in Table II that the stimulation of 
cervical sympathetic and chorda tympani nerves was made on different 
sides, so that each affected one gland only. It is, of course, necessary 
to do this, in order to avoid the potentiating effect of a period of chorda 
stimulation on the next response to- sympathetic stimulation—the 
‘augmented sympathetic secretion” long ago described by Langley. 
The point may be mentioned here, because it probably gives a clue to 
the meaning of the small but fairly regular potentiation of the sym- 
pathetic effect by a first dose of eserine. Eserine in slightly larger dose, 
as seen in Table II, provokes a spontaneous secretion. We have seen 
earlier that the saliva so obtained is of the parasympathetic type. It 
seems reasonable, then, to suppose that a dose of eserine too small to 
cause a spontaneous, visible secretion may produce in the gland cells a 
condition of subliminal excitation of the parasympathetic type, com- 
parable to the condition remaining after a secretion in response to chorda 
stimulation has come to an end; and that it is this subliminal excitation 
which is responsible for the small increase in response to the next period 
of sympathetic stimulation. 
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To make our experiments on eserine strictly comparable with those 


of Secker we carried out three under anesthesia with sodium veronal. 
In the first experiment we obtained an increase of the sympathetic 


secretion by 1 drop after 0-3 mg. of eserine per kg., as in the experiments 


under dial;.in a second there was no visible sympathetic secretion before 
or after eserine, though the reaction of the pupil and nictitating membrane 
showed that the nerve was normally excitable; in the third we obtained 
what might have been mistaken for a real and pronounced potentiation, 
but under conditions which indicated a different explanation of its 
occurrence. In this experiment we prepared for stimulation the cervical 
sympathetic and chorda lingual nerves of the same side, so that both 


_ kinds of nerve impulses were received by the gland from which secretion 


was recorded. The cervical sympathetic was first stimulated, and only 


1 drop of saliva was obtained. The chorda lingual was then stimulated 


and caused the usual free secretion. When this had ceased, further periods 
of sympathetic stimulation produced 4 and 3 drops respectively. There 
was already present, therefore, the familiar augmented sympathetic 
secretion of Langley, due to the persistence of some substance or 
condition in the gland, caused by the earlier parasympathetic stimulation. 
Eserine, 0-3 mg. per kg., was now injected, and the next period of 
sympathetic stimulation produced 8 drops; 10 min. later a further period 
produced 5 drops. It seems clear that, in this experiment, the potentiating 
effect of the eserine was on the augmentation produced by the previous 
chorda stimulation rather than directly on the transmission of the 
sympathetic impulses. We have certainly never observed an effect of 
anything like this extent, unless the chorda of the same side had been 
stimulated before the eserine was given; and we think it safe to conclude 
that the slight potentiation of the sympathetic effect, which eserine alone 
produces, is also of the type of a post-parasympathetic augmentation. 
(c) Effect on the response to adrenaline. We made four experiments on 
cats under sodium-veronal anesthesia, recording the secretion from both 
submaxillary glands. In response to an intravenous injection of 0-15 mg. 
of adrenaline—the dose chosen by Secker—each gland secreted 10-20 
drops of saliva with the capillary cannule used by us. A dose of 0-3 mg. 
of eserine caused a subsequent augmentation of this response to adrenaline 
by from 2 to 10 drops—say, from 10 to 70 p.c. In a further experiment 
under chloralose, the injection of 0-3 mg. of eserine per kg. caused an 
increase of the secretion in response to 0-15 mg. adrenaline, from 19 to 
30 drops. This-is a definite increase, but still much smaller, in relation 
to the initial effect, than those recorded by Secker. An intercurrent 
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period of chorda stimulation produced a similar augmentation of the 
next response to adrenaline; and we find no reason for regarding this 
effect. of eserine as due to anything other than a subliminal gland 
stimulation of the parasympathetic type, producing an effect comparable ® 
to the post-parasympathetic augmentation. 

It is to be noted, indeed, that this potentiating effect of eserine on 
the secretion in response to adrenaline was, in our experience, usually 
stronger than its effect on secretion in response to sympathetic nerve 
stimulation. On the view of its nature which we have suggested, however, 
this was to be expected; for adrenaline, apart from its direct sialogogue 
action, causes a large rise of general blood-pressure, accompanied by such 
an accelerated blood flow through the gland as might, by itself, be 
sufficient to render effective a previously subliminal secretory effect of 
_ eserine. The effect, indeed, might be comparable to that of a large saline 
injection, mentioned earlier. 

One incidental observation gave an unexpected result of some interest. 
Our main object, in the experiments above described, was to observe the 
extent and explore the meaning of the apparent potentiation, by doses 
of eserine too small to cause secretion by themselves. In two experiments, 
however, we gave 0-45 mg. of eserine per kg., which caused the onset of 
a secretion lasting for some time. An injection of adrenaline during its 
progress caused in one case a temporary suspension, in the other case a 
permanent stoppage of the secretion. Under these conditions the excess 
of eserine seemed to have deprived the gland cells of their power of 
responding to stimulation, since an intravenous injection of acetylcholine 
caused no secretion. We have not investigated this condition further, 
but it recalls the insensitiveness of ganglion cells to all kinds of stimuli 
after treatment with eserine in excessive concentration, as recorded uy 
Feldberg and Vartiainen [1934]. 


Discussion. 


We have already to some extent discussed the results of our experi- 
ments in connection with their description. It will be seen that where, 
at more than one point, our observations are superficially in conformity 
with those of Secker, we are unable to accept the interpretation which 
he gives to them. Thus, we confirm the presence in saliva, whatever the 
nature of the stimulation producing it, of a depressor substance; but our 
further experiments show that this is not acetylcholine, as suggested by 
Secker, or any other chemically identified depressant. In the saliva 
obtained by stimulation of the chorda tympani after eserine has been 
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given, but only in such, there is evidence, indeed, of the presence of a 
trace of something which might be acetylcholine, but not in a quantity 
which could significantly contribute to the large depressor effect. We find, 

® again, that eserine has a slight potentiating effect on the sialogogue effect 
of sympathetic stimulation or of adrenaline, but of a much smaller 
degree than that described by Secker, unless the chorda tympani nerve 
supplying the gland from which the secretion is recorded has also been 
stimulated. Eserine, under such conditions, reinforces the well-known 
augmentation of sympathetic secretion by a previous chorda stimulation. 
We think it reasonable to conclude that the small potentiation of the 
sympathetic effect, which eserine alone produces, is an effect of the 
same kind, and due, essentially, to a subliminal excitation of the para- 
sympathetic type. Eserine presumably acts by delaying the destruction 
of acetylcholine produced by natural parasympathetic impulses, or by 
the after effect of previous chorda stimulation. If eserine is present in 
sufficient concentration the effect of this becomes supraliminal, and a 
visible secretion occurs; if it is subliminal, it can still become effective 
as an adjuvant to a sympathetic stimulation. Such an effect would be 
analogous to that described by Maevsky [1923], who studied the reflex 
production of salivary secretion in a dog in which the chorda tympani 
nerve had been cut. Under such conditions stimulation of the buccal 
mucous membrane, with acid of a certain strength, produced no secretion ; 
if, however, pilocarpine had been given in a dose sufficient just to produce 
a slow secretion of saliva, a repetition of the buccal stimulation with acid 
was effective, so that a good reflex secretion was now produced through 
the sympathetic path, 

This view of the eserine effect is further supported by the observation 
that, when eserine causes a secretion by itself, the saliva thus produced 
has the pharmacological properties of a “parasympathetic” saliva, 
causing, when injected intravenously into a cat, an initial pressor followed 
by a relatively weak depressor effect. The saliva secreted in response to 
adrenaline, on the other hand, has the characters of “sympathetic” 
saliva, producing in the cat a powerful depressor effect, with no initial 
pressor phase. For these various reasons, we believe that there was no 
good ground for Secker’s conclusion that acetylcholine intervenes as a 
secondary chemical transmitter of the sialogogue effects of sympathetic 
impulses and adrenaline. The depressor substance of saliva is not, as he 
supposed, acetylcholine ; atropine does not paralyse or significantly affect 
the sympathetic secretory action in doses sufficient to annul those of 
parasympathetic impulses and acetylcholine; and the weak potentiation 
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of the sympathetic effect by eserine is, we believe, to be explained 
otherwise. The possibility is not excluded that the sympathetic supply 
to the salivary glands may contain a minor cholinergic component. We 
find no evidence, however, for its presence ; stimulation of the sympathetic 
nerve supply under eserine never, in our experience, causes the escape 
into the general circulation of sufficient acetylcholine to cause a fall of 
arterial pressure, such as is regularly seen when the chorda tympani is 
stimulated under such conditions. 

The potent pharmacological effects of saliva injected into the blood 
stream, and the differences between the effects of parasympathetic and 
of sympathetic saliva, raise the question whether the depressor substance 
present in both, or the pressor substance (for the cat) characteristic of 
_ parasympathetic saliva, has any connection with the sialogogue effect 
produced when saliva itself is introduced into the circulation of the 
salivary gland. Demoor [1913] and Guimarais [1930], who previously 
studied this effect, found that the sialogogue substance, like the depressor 
and pressor principles here described, was rapidly inactivated by heating 
the saliva. Experiments on the relation between these different effects 
will be published separately by one of us (J. A. G.). It may be stated 
here that the sialogogue effect is produced by sympathetic saliva, as 
well as by parasympathetic saliva, with which all the earlier experiments 
on this action were made; and that no proportionality appears to exist 
between the potency of a sample of saliva in this respect and its depressor 
activity on the cat. There is no ground, therefore, for suggesting that 
the depressor and eaves oars constituents of saliva are identical. 


SuMMARY. 


1, Saliva secreted in response to parasympathetic or sympathetic 
nerve stimulation, or to injection of adrenaline, contains a potent 
depressor substance. (Confirming Secker.) 

2. This substance is not acetylcholine, as Secker suggested. Nor is 
_ it choline, histamine, or an adenosine derivative. It is thermolabile, 
and its action is not specifically sensitive to atropine. 

3. Sympathetic saliva has a more potent depressor action than para- 
sympathetic saliva. The latter shows, in addition, an initial pressor 
action in the cat, which may be its predominant vascular effect. 

4, Atropine, in doses sufficient to annul the action of acetylcholine, 
has little effect on salivary secretion in response to sympathetic stimuli. 

5. No evidence is found of liberation of acetylcholine into the blood 
during stimulation of the cervical sympathetic nerve. 
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6. Unless the chorda tympani has previously been stimulated, 
eserine, in doses too small to cause secretion by itself, has but a slight 
potentiating effect on secretion in response to sympathetic impulses. 
Eserine alone has sometimes a rather more pronounced effect of apparent 
potentiation on the secretory response to adrenaline. These effects of 
eserine are regarded as analogous to the augmenting effect of previous 
chorda stimulation. 

7. No evidence is found to support the suggestion that acetylcholine 
intervenes in transmitting sympathetic sialogogue effects. 


We wish to acknowledge our indebtedness to the Medical Research Council for the 
opportunity of working at the National Institute, and to Sir Henry Dale for his advice 


during the experiments, and his help in the presentation of the results. 
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THE EFFECT OF PITUITARY (POSTERIOR LOBE) 
EXTRACT UPON THE URINARY FLOW IN 
NON-ANZZSTHETIZED DOGS. 


By ADLI SAMAAN (Fellow of the Rockefeller Foundation). 
(From the Department of Pharmacology, University College, London.) 


(Received May 20, 1935.) 


VoN DEN VELDEN’S discovery [1913] of the anti-diuretic effect of 
posterior ‘pituitary extract in man has aroused much interest, since 
earlier workers had recognized only its diuretic action under the con- 
ditions of their experiments [Magnus and Schafer, 1901; Schafer 
and Herring, 1908; and others]. The work described in this paper was 
undertaken with a view, first, to discover the minimal dose of extract 
which would cause a detectable degree of inhibition of water diuresis in 
dogs, and the influence, if any, of denervating the kidneys, on this dose; 
second, to explore these findings as a means for the biological assay of 
post-pituitary anti-diuretic substance; and third, to determine the action 
of the extract on the diuresis which follows the ingestion of solutions of 
urea and of sodium chloride. 


METHODS. 


Five healthy bitches, trained to remain calm in a Pavlov stand and 
to receive a stomach tube without resentment, were operated upon 
aseptically. In three animals one kidney was denervated and both 
ureters exteriorized according to the technique of Klisiecki, Pickford, 
Rothschild and Verney [1933]; the other two bitches were subjected 
to preliminary perineotomy in order to expose the external urethral 
opening and thus allow collection of urine by the passage of a sterile 
catheter into the bladder’. The animals were fed once a day and obser- 
vations were begun 16 hours after the meal. Urine was collected at 


1 These operations were performed by Dr G. W. Theobald, to whom I express my 
sincerest thanks. . 
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intervals of 5 min., and towards the end of each period gentle pressure 
was applied to the hypogastric region.¢f the perineotomized animals in 
most experiments, in order to aid emptying of the bladder. The volume 
of each sample of urine was noted, and its specific gravity determined, 
when the sample was small, by placing a drop in chloroform-benzine 
mixtures of different specific gravities. When the volume was large the _ 
specific gravity was determined by using a urinometer or by pouring the _ 
urine into a U-tube to one limb of which benzine was added; the specific 
gravity was calculated from the heights of the liquid columns. Not 
uncommonly the chloride concentration was also determined by a 
modified Volhard-Harvey method [Peters and van Slyke, 1932]. 

A preliminary dose of tepid water (20-25 c.c. per kg.) was given 
rapidly through a stomach tube. This procedure was repeated at suitable 
intervals until the diuresis became fully established, and the rate of 
urinary flow nearly uniform. The amount of ingested water was then 
adjusted so as not to exceed the total loss through the renal and the 
extrarenal channels, the volume lost through the latter route being 
roughly taken as 1-0 c.c./kg./hour [Klisiecki, Pickford, Rothschild 
and Verney, 1933]. In this way water diuresis could be maintained 
nearly uniform for a few hours (Fig. 1). 

The pituitary (posterior lobe) extract was obtained from Messrs 
Burroughs, Wellcome and Co., 0-5 c.c. containing 5 international oxytocic 
units. Samples from one batch only were used, and they were preserved 
at 0° C. The required dilution of the extract with water was prepared 
immediately before use and the injection of 1-0c.c. was made intra- 
venously, The dose has been expressed throughout in terms of the original 
extract. Control intravenous injections of equal volumes of water were 

REsvULTs. 


(1) The effect of different doses of post-pituitary extract 
on water diuresis in normal bitches. 

The flow of urine from the two kidneys during rest was 0-1-2-6 c.c. 
per 5 min. Diuresis commenced 10-20 min. after the administration of 
the first dose of water and increased progressively to reach a maximum 
rate of 38-85 c.c. per 5 min. after 80-110 min. The rate then remained 
fairly uniform till about 40-150 min. after water ingestion had been 
discontinued, when it fell gradually to the resting level (Fig. 1). The 
specific gravity diminished from between 1031 and 1046 to between 1000 

and 1001 during diuresis, and returned to its original level a few hours | 
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after the conclusion of the experiment. Similarly, the chloride concen- 
tration fell from between 290 and 340 mg. NaCl per 100 c.c. of urine to 
between 5 and 12 mg. during diuresis. 

Water diuresis was readily influenced by the general condition of the 
animal during the experiment; indeed restlessness, struggling, retching 
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_ Fig. 1. Water diuresis in normal bitch; 14 kg.; perineotomy; catheter fixed in bladder. 


Tap water (35° C.) given by stomach tube at a (the dose shown at each a is in c.c.). 
Abscisse =time in 10 min. U.F.=urinary flow in c.c. per 5 min. 8.G.=specific 
gravity of urine. At A=control injection of 1-0.c.c. of water intravenously. At 
B=intravenous injection of 0-002 c.c. of posterior pituitary extract diluted to 1-0 c.c. 
in water. Between arrows C = =the animal became restless, vomited about 120 c.c. of 
water and struggled occasionally. — 


and more particularly vomiting were associated with a prolonged inhibi- 
tion of the urinary flow, and a slight rise in the chloride concentration 
and in the specific gravity of the urine (Fig. 1, C). 

When diuresis was fully established and the rate of urinary secretion 
had become uniform, post-pituitary extract was given in doses varying 
from 0-000005 to 0-15 c.c. Fig. 2 presents the results of a few experiments. 
It was found that in any one dog the dose which causes the smallest 
reduction in the urinary flow—‘“the anti-diureticthreshold dose” — 
was remarkably constant; in one dog, for example, lying within the 
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range 0-000028-0-000033 c.c. of the extract. It is also seen from Fig. 2 
that the degree of inhibition is dependent on the dose given ; the repetition 
of the large doses, however, is not always associated with superimposable 
effects. Furthermore, the specific gravity and the chloride concentration 
increase (Fig. 3, II) and not uncommonly, especially after the adminis- 
tration of big doses of the extract, hemoglobin appears in the urine. 
The diuretic effect described by Marinesco [1895] as following the 
feeding of posterior pituitary extract to man, and by Schafer [1909] 
to animals, has never been observed to follow any of the 168 intravenous 
injections which have been made in this work; in a few cases, however, 
a small degree of diuresis was seen after the stage of inhibition had 
passed away (Fig. 3, II). This phenomenon will be discussed later. 


(2) The effect of different doses of post-yituitary extract 
on water diuresis after denervation of the kidneys. 
Denervation was established by extirpating all the visible nerve fibres 
running with the renal vessels and ureter near the hilum, and by severing 
and resuturing the connections between the kidney and the posterior 
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Fig. 2. Effect of post-pituitary extract on water diuresis before, and 2-3 weeks after 

denervation of the kidneys. Points=urinary flow in a normal perineotomized bitch. 
Circles =urinary flow in the same bitch 2-3 weeks after bilateral renal denervation. 
Abscisse =time in 5 min. Ordinates=the relative flows of urine every 5 min., the 
rate of urinary flow before the administration of the extract being given the value 100. 
Arrow | =intravenous injection of post-pituitary extract, diluted to 1-0 c.c. in water. 
A =0-000025 c.c. of the extract; B=0-000028 c.c.; C =0-000033 c.c. (the anti-diuretic 
threshold dose); D =0-000040 c.c.; H=0-001 c.c.; F =0-005 
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Fig. 3. I=comparative effects of post-pituitary extract on water diuresis in a bitch with 


exteriorized ureters. R=urinary flow from the right kidney (normal). L =urinary 
flow from the left kidney (denervated). Abscisse =time in 5 min.; ordinates =the 
relative flows of urine every 5 min., the rate of urinary flow before the administration 
of the extract being given the value 100. Arrow | =intravenous injection of post- 
pituitary extract, diluted to 1-0c.c. in water. The effects of (i) 0-0001 c.c. of the 
extract, (ii) 0-001 c.c., and (iii) 0-05 c.c. are shown. II =the effect of post-pituitary 
extract on urine secretion in normal perineotomized bitch. U.F'.=urinary flow in c.c. 
per 5 min. C.C.=chloride concentration in mg. NaCl per 100 c.c. of urine. S.G.= 
specific gravity of urine. Abscisse=time in 5 min. a=tepid tap water in c.c. by 
stomach tube. At arrow | A 0-002 c.c. of the extract, diluted to 1-0c.c. in water, 
was injected intravenously. 
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abdominal wall. The renal vessels were finally painted with phenol and 
alcohol. These operations were performed with full surgical precautions. 


Observations made 24 hours after unilateral renal denervation in 
animals with exteriorized ureters showed usually a mild polyuria of the 
denervated side during rest; later, however, the urinary flow from both 
kidneys was nearly identical. Similarly the resting rate of urinary secre- 
tion a fortnight after bilateral renal denervation in a perimeotomized 
bitch was not different from that observed before the operation. The 
onset and course of water diuresis were essentially the same as in normal 
conditions. Furthermore, it was noted that mild disturbances of the animal 
were not followed by any appreciable change in urinary flow; retching 
and vomiting, however, were still associated with definite inhibition. 

Post-pituitary extract invariably caused a reduction in the rate of 
urine flow. The extent of inhibition depended upon the dose given, and 
was comparable with that observed before the elimination of the renal 
innervation (Fig. 2). The “anti-diuretic threshold dose” was determined 
frequently, and was found to be unaltered. With the large doses the 
responses of the denervated kidney were found to be, in a few experi- 


_ ments, more pronounced than those of the normal side (Fig. 3, I). No 


diuretic effect of the extract was ever observed. 


(3) The effect of post-pituitary extract on diuresis. produced by the 
ingestion of dilute solutions of sodium chloride and of urea. 
Observations were made before and after denervation of the kidneys 
and the results in the two cases were found to be practically identical. 
Tepid solutions of sodium chloride (1-0-1-5 g./100.c.c.) were given by 
stomach tube in doses similar to those used for establishing water diuresis. 
The experiments did not last long because the animals usually became 
restless in an hour or two, vomited, and not uncommonly passed very 
soft stools. The diuresis commenced within 10-15 min. and increased 
gradually. The maximum rate of urinary flow was 15-28 c.c. per 5 min. 
and was rather irregular. The specific gravity of the urine fell to between 
1015 and 1018, while the chloride-concentration rose considerably. Post- 
pituitary extract invariably caused a definite inhibition of urinary flow. 
Dilute solutions of urea (1-0-2-5 g./100 c.c.) were also employed, the 
total quantity administered in an experiment lasting 5 hours being about 


_ 3-4. of urea per kg. Diuresis appeared in 5-10 min. and increased 


rapidly to reach the enormous rates of 62-101 c.c. of urine per 5 min. 
Post-pituitary extract given intravenously exerted a pronounced anti- 
diuretic effect under such conditions (Fig. 4, I). 
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(4) The effect of post-pitwitary extract on diuresis produced by the 
ingestion of concentrated solutions of urea. 
Observations were made on normal bitches and on those with dener- 
vated kidneys. Tepid urea solutions (8-3-10-0g./100c.c.) were administered 
in doses of 15-25 c.c. per kg. at intervals of 25-30 min. No ill-effects 


Fig. 4. The effect of post-pituitary extract on urea diuresis in a perineotomized bitch 
with denervated kidneys. I =diuresis with dilute urea solution (1-5 g./100c.c.). II= 
diuresis with concentrated solutions (8-3-10-0 g./100 c.c.). U.F.=urinary flow in c.c. 
per 5min. 8.G.=specific gravity of urine. C.C.=chloride concentration in mg. NaCl 
per 100c.c. of urine. V =vomiting. Abscisse=time in 10min. a=urea solutions 


in ¢.c. given by stomach tube. A=1-0c.c. water. B=0-0005 c.c. of post-pituitary 
extract. C=0-005c.c. D=0-050.c. H=0-15c.c. All injections were made intra- 


venously. 
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were observed. The introduction of the stomach tube was made with 
special care in order to avoid vomiting which was readily provoked when 
the higher concentrations were employed. Diuresis appeared 5-10 min. 
after the administration of the first dose of urea and rose to 8 maximum 
rate of 14-60 c.c. per 5 min. The specific gravity fell to 1010-1014 and 
the chloride concentration to 20-25 mg. NaCl per 100c.c. of urine 
(Fig. 4, II). When the urea ingestion was discontinued the diuresis re- 
mained practically uniform for 50-120 min. and then diminished; at 
this stage the animals usually exhibited signs of thirst. 

The anti-diuretic effect of post-pituitary extract became less and less 
marked with the progress of urea diuresis, so that within 2 hours intra- | 
venous doses even as large as 0-05 c.c. failed to have any apparent effect 
upon the kidneys. No change in the specific gravity or in the chloride 
concentration of the urine was observed to follow the injections. On 
the other hand, the administration of enormous doses (0-1—0-5 c.c.) was 
followed by a small and transient inhibition which soon passed away 
(Fig. 4, II). 

Discussion. 

The high anti-diuretic potency of commercial post-pituitary extracts 
demonstrated by Theobald [1934 a, 6] in the dog and in man, and by 
Hart and Verney [1934] in man has been confirmed by the observations 
recorded in this paper. Moreover, when the diuresis is not fully estab- 
lished and the rate of urinary secretion is low, doses much smaller than 


the “anti-diuretic threshold dose” can inhibit the urinary flow [cf. Hart 


and Verney, 1934]; under such conditions 0-000008 c.c. of post-pituitary 
extract may have an anti-diuretic action. 

Again, my experiments have shown that water diuresis in which the 
rate of urinary flow is maintained uniform for some hours, affords a 
reliable means of studying quantitatively the responses of the kidneys 
to anti-diuretic agencies. Indeed the determination of the “anti-diuretic 
threshold dose” in a fully established uniform diuresis forms a fairly 
accurate method for assaying the anti-diuretic principle of posterior 
pituitary extracts, differences of 20p.c., as shown in Fig. 2, being 
detected!, 

During the work described in this paper it was observed that uni- 
lateral denervation was followed by an increased flow of urine from the 
denervated kidney, and that the difference in rate gradually fell so that 

* Burn’s method [1931] of assaying the anti-diuretic principle on rats seems to be less 


complicated than the one described here; it fails, however, to determine minute doses of 
the anti-diuretic principle [personal communication]. 
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in 6-8 days it had nearly vanished; observations after this period were 
not reliable owing to the failing health of the animals with exteriorized 
ureters. The resting rate of urinary secretion a fortnight after bilateral 
section of the renal nerves was, in my experiments, practically the same 
as under normal conditions ; indeed the onset and course of water diuresis 
were identical with those observed previous to the operation. It may 
also be pointed out that the profound inhibition of urine flow, commonly 
associated with slight disturbances of the normal animal, became less 
marked after eliminating the renal nerves. 

Motzfeldt [1917] stated that the anti-diuretic effect of post-pituitary 
extract. was dependent on the renal innervation. The present observa- 
tions in failing to support this view confirm those of other workers; 
indeed the responses of the denervated kidney to graded doses of the 
extract are practically the same as, or sometimes even more marked 
than, those of the normal side. It is evident that false anti-diuretic 
effects due to the spasm of the ureters [Mackersie, 1924] could not 
have vitiated these results, since the urine was led from the renal pelvis 
to the outside through rubber tubes. 

The diuretic effect of the extract described by many authors [Smith 


and McClosky, 1924; Craig, 1925] as occurring under anesthesia has 


never been observed in the conscious animal. The delayed post-inhibitory 
diuresis noted in a few experiments (Fig. 3, II) does not seem to be due 
to a specific property of the extract; thus it is not constant in occurrence, 
it appears a long time after the intravenous injection and bears no 
apparent relation to the dose administered. It is probable that an in- 
creasing hydremia occurs during the inhibition of diuresis by the extract, 
due not only to the failing elimination of water from the kidneys but 
also to undisturbed absorption from the intestine. When the kidneys 
recover therefore from the inhibition, they are confronted with a diluted 
plasma—a condition which may now be expected to enhance diuresis 
[Cushny, 1926]. 

Molitor and Pick [1924] and Craig [1925] noted that the sub- 
cutaneous injection of post-pituitary extract at the same time as the in- 
gestion of dilute solutions of NaCl or of urea did not abolish the diuresis. 
As is shown in Fig. 4, I, however, the extract intravenously given still 


exerts its inhibitory effect upon diuresis produced by similar solutions. 


It seems likely that the absence of effect from subcutaneous injection 
was due to slowed absorption by this route. 

_ Experiments on diuresis from stronger solutions of urea show that 
post-pituitary extract fails to exert any influence upon the flow of urine, 
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even when administered intravenously in doses as much as 2000-3000 
times the threshold inhibitory dose for water diuresis. The application 
of this method to test the hypothesis of increased liberation of the anti- 
diuretic principle of the pituitary body under certain conditions is 
devoted to a further communication. 


SUMMARY. 

1. A method of producing a uniformly maintained water diuresis in 
the conscious bitch is described. _ 

2, The onset and course of water diuresis and its degree of inhibition 
by post-pituitary extract remain essentially the same after denervation 
of the kidneys. 

3. The “anti-diuretic threshold dose” is remarkably constant in any 
one animal and its determination affords a fairly accurate method of 
assay. Differences of 20 p.c, in dosage may be detected by this means. 

4, The diuretic effect of post-pituitary extracts commonly described 
in anesthetized animals has not been observed in the conscious bitch. 

5. Post-pituitary extract, even when given intravenously in doses 
of 0-05-0-1 ¢.c., fails to affect the flow of urine in bitches ingesting con- 
centrated solutions of urea. | 


My thanks are due to the Rockefeller Foundation for defraying a part of the expenses 
of this research. 
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THE EXPLANATION OF THE INCREASE IN 
SYSTEMIC FLOW CAUSED BY OCCLUDING 
THE DESCENDING THORACIC AORTA. 


By H. BARCROFT anp ADLI SAMAAN?, 


(From the Department of Physiology and Biochemistry, 
University College, London.) 


(Received May 21, 1935.) 


OccLusion of the descending thoracic aorta beyond the origin of the 
great vessels of the neck does not, as might be expected, decrease the 
systemic flow but actually increases it. In 10 kg. dogs with systemic 
flows of about 700c.c. per min. occlusion of the descending thoracic 
aorta typically increases the systemic output to about 900 c.c. per min.; 
the circulation through the animal’s trunk is cut off and this enormous 
stream pours through the upper part of the animal’s body. These results 


have been fully described in a previous paper by one of us [Barcroft, 


1931 a]. 
‘METHODs. : 
The present paper deals with the most probable explanation of this 
paradox. 


A detailed account of the way in which the systemic flow was 
measured has already been published [Barcroft, 1931 a], and only a 
few points need be mentioned here. After anesthetizing a dog of about 
10 kg. with chloralose its chest was opened under artificial respiration. 
An anticoagulant dye (chlorazol fast pink, 0-16 g. per kg.) was injected 
to prevent clotting. The great vessels were divided and a mechanical 
stromuhr was tied to their cut ends, so that all the blood going to the 
peripheral vascular system passed through it; it recorded the systemic 
flow. After passing through the stromuhr the blood stream divided into 
two, one going up the brachiocephalic artery to the head and right arm, 
the other going down the descending thoracic aorta to the trunk. The 


_ left subclavian artery was ligatured. Blood returned to the heart through 


the ven cave only, the azygos vein being ligatured. The vagi were cut. 
1 Fellow of the Rockefeller Foundation. | 
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The following work is based on the result of twenty experiments. 

(1) The part played by the central nervous system. Barcroft and 
Formijne [1934] stated that the central nervous system played no 
essential part in the curious increase in systemic flow caused by occluding 
the descending thoracic aorta. Their experiments showed that the para- 
doxical increase in flow could be elicited after depriving the central 
nervous system of its blood supply for 30 min, They considered that 
half an hour of acute anwmia would be ample to kill the vaso-motor 


centres. Recent interesting work in the Heymans’ Institute [Hey mans, 
1400 | Thoracic aorta occluded | 
120 | 
q 
| 
gi C.NS. destroyed by|anaemia 
Min. 
Fig. 1. 
4 Wa Jourdan and Nowak, 1934] has shown that the lower centres of the 
ae brain may survive extraordinarily long periods of complete anemia, even 
_ as long as half an hour [personal communication]. 
ae We have, however, confirmed Barcroft and Formijne’s conclusion 
a by another method. We killed the vaso-motor centre by prolonged 
| anemia and heat. The lower part of the brain and spinal cord were 
TR bathed in a stream of hot saline (85° C.) for 10 min. The saline solution 
7 _ was led from a reservoir to the cisterna magna through a cannula inserted 
_ into the subarachnoid space between the occipital bone and the first 
cervical vertebra. This hot saline escaped through a laminectomy in the 


second lumbar region. Ten minutes’ perfusion, combined with cerebral 
anemia by occlusion of the brachiocephalic artery, was considered to be 
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absolutely fatal. After this the central nervous system showed no spon- 
taneous activity; reflexes were unobtainable. This method suited us, 
because the anticoagulant dye would have complicated operative de- 
struction, and drugs injected into the subarachnoid space might have 
been absorbed and affected the circulation. Occlusion of the thoracic 
aorta after killing the central nervous system still increased the systemic 


flow (Fig. 1). The central nervous system plays no essential part in the 
phenomenon. 


"Thoracic aorta occluded 
600 
L.V.C. flow 
200 
2 3 
Min. 
Fig. 2. 


(2) The part played by the blood flow through the inferior vena cava. 
One of us has already shown that if the thoracic aorta and inferior vena 
cava are occluded simultaneously then the paradoxical increase in 
systemic flow does not occur. The increase only takes place if the inferior 
vena cava is open. Hence after aortic occlusion blood must continue to 
stream through the inferior vena cava and cause the increase in systemic 
flow [Barcroft, 1931 a]. We obtained further information about the 
blood flow through the inferior vena cava by recording it with a stromuhr. 
A typical result is shown in Fig. 2. After occlusion of the thoracic aorta 
the systemic flow increased as usual; the caval flow dwindled quickly | 
to almost nothing. During the period of aortic occlusion shown in Fig. 2, 
160 c.c. of blood drained through the cava into the upper part of the 
circulation. Yet this 160 c.c., or possibly some chemical substance in it, — 
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increased the systemic flow when it arrived in the upper part of the 


vascular system. Was the increase in systemic flow simply due to the 
addition of blood to the upper part of the vascular system or did this blood 
contain a chemical stimulant added to it in the animal’s trunk after occlu- 
sion of the thoracic aorta? Did the rate at which it entered the upper part 
of the vascular system affect the final flow? The following experiments 
showed that the paradox was simply caused by blood redistribution. 


Systemic flow in c.c. per min. 


Fig. 3. 


(3) The exclusion of a chemical factor in the caval blood stream. The 
peripheral end of the inferior vena cava was connected to glass tubing 
shown in the diagram in Fig. 3 at the point marked I.V.C. The central 
end of the cava was tied. Blood returning from the lower part of the 
animal’s body normally reached the heart through the tube A which 
opened into the right auricle. Alternatively A could be clamped and 
C and B opened. Then the blood flowed into the glass vessel D and 
pushed blood into the right auricle through B. The vessel D was divided 
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by a very’thin lax rubber partition so that the blood entering it from 
the inferior vena cava was trapped and fresh blood flowed on into the 
heart. If the thoracic aorta was occluded when A was open and C and B 
closed, then the caval blood, possibly containing a chemical stimulant, 
reached the upper part of the vascular system through A. If the thoracic 
aorta was occluded when A was closed and C and B were open, then the 
same quantity of saline or fresh blood entered the upper part of the 
vascular system through B. The curve in Fig. 3 was drawn from one of 
these experiments. During the first aortic occlusion the tube A was open 
and C and B closed, so that the caval blood passed straight into the 
heart. The usual rise in blood-pressure and flow occurred. The thoracic 
aorta was occluded for the second time when the tube A was closed and 
C and B open, so that the caval blood entered the trap D and pushed an 
equal quantity of fresh blood into the heart. The blood-pressure and the 
systemic flow rose to the same extent in both observations. This showed 
that the effect is simply due to the addition of blood to the upper part of 
the vascular system. As a matter of fact if the trap D was filled with saline 
instead of fresh blood it made no difference to the effects of aortic occlusion. 

_ In other experiments, the heart rate, recorded by a Hiirthle mem- 
brane manometer, remained unchanged after aortic occlusion, and this 
too is against any increase in blood adrenaline. 

(4) The significance of the rate of addition of blood to the upper circula- 
tion. The rate at which blood reaches the upper part of the vascular 
system through the inferior vena cava after aortic occlusion, as might 
be expected, makes no difference to the final pressure and flow. The 
quantity of blood redistributed is the significant factor. For instance, 
in some experiments the thoracic aorta and inferior vena cava were 
occluded simultaneously so as to isolate the upper circulation. Starting 
with a given flow the same increase occurred after 50 c.c. of blood were 
injected (a) quickly or (b) slowly through the right auricular appendix. 
In other experiments on the upper circulation the return through the 
superior vena cava was temporarily stopped several times. The flow 
always returned to its original value after each interruption, thus showing 
that when the upper part of the circulation contained a given quantity 
of blood then an equilibrium with a given flow was established. 

(5) The cause of the continuation of the blood flow through the infervor 
vena cava after occlusion of the thoracic aorta. After occlusion of the 
thoracic aorta some forte must be responsible for temporarily main- 
taining the flow through the inferior vena cava, and the nature of this 
force has been examined. That it is not merely the momentum of the 
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moving blood stream is shown by the following experiment (Fig. 4). 
The thoracic aorta and inferior vena cava were occluded simultaneously, 
causing slight increase in arterial blood-pressure and decrease in systemic 
flow. Nothing else was done for the next 40 sec., and meanwhile the 
blood stream in the animal’s trunk must have come to a standstill. Then 
- the occlusion on the inferior vena cava was released. The systemic flow 
and arterial blood-pressure increased immediately, showing that the force 
tending to drive the blood through the inferior vena cava into the heart 
was still at work. The force in this case could not have been the mo- 

mentum or the caval blood stream. The alternative explanation was 


i 


Systemic flow in c.c. per min.. 


Min. 
Fig. 4. 


that after simultaneous occlusion of the thoracic aorta and inferior vena 
cava the blood stream in the intervening vessels came to rest but was 
- still under pressure, pressure caused by expansion of the. veins due to 
the partial collapse of the arteries. In some experiments we recorded 
this pressure by putting manometers into the thoracic aorta and the 
inferior vena cava peripheral to the points at which the occlusions were 
made. After simultaneous occlusion of the two great vessels the pressure 
in the aortic manometer fell while that in the caval manometer rose till 
the final readings became about 15mm. of mercury; this was much 
higher than the right auricular pressure. 

These experiments suggest that after aortic occlusion the distended 
vessels in the trunk collapse, and in doing so drive a quantity of blood 
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into the heart and upper part of the vascular system. This blood trans- 
ference is the cause of the increased flow. The experiments do not show 
why the blood transference should cause the increase in systemic flow, 
it is simply the agent responsible. 

(6) The part played by the heart as a pump. Table I shows the arterial 
pressures, systemic flows and venous pressures (actually right auricular 
pressures) recorded during five consecutive and different vascular states. 


I. 
Superi Inferi hali: 
or or c 
Condition of the vena cava vena cava ery 
circulation Normal occluded occluded occlu 
Arterial blood-pressure mm. Hg 70 140 50 32 100 
Systemic flow c.c. per min. 792 990 360 125 a 
enous culated in 5-1 5°8 4-1 3-2 4-1 
mm, 
! | ‘Thoracic aorta occluded 
1000 
| 
800 | 
yer 
600 
| 
400 
| 
200 


Fig. 5. 


The striking thing is that the healthy heart maintained the venous 
pressure practically constant in the face of flow changes from 990 to 
125 c.c. per min. and arterial blood-pressure changes of from 140 to 
32mm. of mercury. Broadly speaking this suggested that, in these 
experiments, the heart maintained the venous pressure at zero, pumping 
away what returned to it irrespective of the arterial pressure. 

In another series of experiments [Barcroft, 1933] the heart was 
replaced by a pump regulated to keep the venous pressure at zero. 
Fig. 5 shows a curve from one of these experiments. The changes in 
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arterial pressure and systemic flow on occluding the thoracic aorta were 
those seen in the ordinary animal experiments. 

These observations simplified the problem considerably, for they 
suggested that it could be explained by certain relations between arterial 
pressure, blood volume and flow, to be found in the peripheral vascular 
system, when the venous pressure is approximately zero. 


Arterial 


| 


200 100 0 500 1000 
Blood volume, c.c. Flow, ¢.c. per min. 


Fig. 6, I. Fig. 6, II. 


(7) The part played by the peripheral vascular system. In a perfused 
organ, when the venous blood drains away, it is generally recognized 
that increase in arterial pressure: 

(1) increases the flow through the organ, and 

(2) passively expands the organ by distending the blood vessels. 

Therefore there must be some relations between arterial pressure, 
flow and blood volume for the organ. These relations appear to have an 
interesting and important implication. 

In Fig. 6,1, imaginary relations have been drawn of a type which 
might be obtained for an organ in a perfusion experiment. The point 
to be emphasized here is that, when the venous pressure is zero, the flow 
and volume are functions of the arterial pressure. In other words, when © 
the venous pressure is zero the arterial pressure and flow are functions — 
of the blood volume. As has been previously noted in Table I the heart 
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is the sort of pump which, in these experiments, keeps the venous 
pressure practically at zero. The conclusion from this is that if an organ 
with the imaginary relations shown in Fig. 6, I, was being perfused by 
the heart, then arterial pressure and flow would be related to the organ’s | 
blood volume as shown by the curves in Fig. 6, I. No other relations 
would be possible, assuming of course that no changes in vascular tone 
or in viscosity of the blood were to take place. This implication has 
applications to the present problem. 

The vascular beds supplied by the thoracic aorta and brachiocephalic 
artery must have some such relations between arterial pressure, flow and 
blood volume for a given tone and a venous pressure of zero. Suppose 
that the brachiocephalic system had the relations shown in Fig. 6, I, 
and the thoracic aorta system those shown in Fig. 6, IT. 

_ An arterial pressure of 100 mm. of mercury would be accompanied by 
the flows and blood volumes shown in line 1 of Table IT. , 


II. 
Brachiocephalic vessels Thoracic aorta vessels 
Arterial “Arterial Total 
blood- Blood __blood- Blood Total blood 
pressure Flow volume pressure Flow volume flow volume 
100 400 65 100 540 135 940 200 
300 1200 200 0 0 0 1200 200 


Now imagine that the thoracic aorta is occluded at an arterial 
pressure of 100 mm. of mercury. The flow through its vessels becomes 
zero, the arterial blood-pressure in the aorta beyond the occlusion also 
becomes zero and 135 c.c. of blood escapes from the vessels at the venous 
end. The venous pressure is maintained at zero and this 135.c. has to 
be accommodated in the brachiocephalic vessels where it increases the 
blood volume from 65 to 200c.c. (neglecting for the moment cardio-— 
pulmonary blood volume changes). From Fig. 6, I, the arterial blood- 
pressure and flow corresponding to 200 c.c. in the brachiocephalic vessels 
may be read off. Occlusion of the thoracic aorta would therefore result 
in the following changes shown in line 2 of Table IT. 

_ A comparison of the arterial blood-pressure and flow before and after 
occlusion of the thoracic aorta shows that the occlusion would increase 
the blood pressure from 100 to 300 mm. of mercury and the total flow 
from 940 to 1200¢.c. per min. In the animal aortic occlusion also 
increases the arterial blood-pressure and systemic flow, this might then 
be explained by the low venous pressure maintained by the heart and 
by the relations between the arterial pressure, flow and blood in the 
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upper and lower circulations for these low venous pressures. This ex- 
planation of the increase in flow following the occlusion of the thoracic 
aorta is supported by some experiments. An artificial system was made 
to represent the relations between blood-pressure, blood volume and 
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Fig. 7. Diagram of a preparation in which the animal’s peripheral vascular system was 
replaced by an artificial vascular system. Tubes I, II, III and IV represented the 
thoracic aorta, inferior vena cava, brachiocephalic artery and superior vena cava 

_ respectively. The apparatus had the relations shown in Fig. 8. When tube I, repre- 
senting the thoracic aorta, was occluded the systemic flow increased as shown in Fig. 9. 


flow in the peripheral vascular system. When this was attached to the 
heart and lungs it copied the tracings obtained in the animal during 
aortic occlusion. 

Fig. 7 shows the general arrangement of this artificial vascular system. 
Tubes I, II, III and IV represented the thoracic aorta, inferior vena 
cava, brachiocephalic artery and superior vena cava respectively, The 
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tubes A and A’ were of uniform bore, open at the top and connected 
to the stromuhr by wide tubing. The resistances B and B’ were made 
by small holes in rubber diaphragms. For each circuit: 

Scale 1 showed the arterial blood-pressure. 

Scale 2 showed the quantity of blood in the vertical tube. a 

Scale 3 showed the rate of flow through the resistance for a venous 
pressure of zero. 

This artificial vascular system resembled the blood vessels in that 
increase in arterial pressure (i) increased the flow through, and (ii) in- 
creased the volume of blood in the part perfused. 

The apparatus was specially made so that the relations between 
arterial blood-pressure, flow and blood volume for the part representing 
the brachiocephalic artery and its vessels were those shown in Fig. 8, I. 
The part representing the thoracic aorta and its vessels was made to 
have the relations shown in Fig. 8, IT. 

The relations between arterial pressure and flow shown in Fig. 8 
were approximately those found experimentally in 10-12 kg. animals. 

The relations between arterial pressure and volume could not be 
determined with sufficient accuracy. 

In the sized dogs used between 100 and 200c.c. of blood passed 
through the inferior vena cava after clamping the thoracic aorta when 
the arterial blood-pressure was 100mm. of mercury. Therefore the 
capacity of tube A (Fig. 7), was such that when it contained 180 c.c. 
(i.e. between 100 and 200c.c.) the arterial pressure was 100 mm. of 
mercury. On occluding the tube representing the thoracic aorta, tube I 
(Fig. 7), approximately 180c.c. drained away from tube A. The 
linear relation between arterial poctere and blood volume is an 
assumption. 

The relations between arterial pressure and blood volume for the 
part representing the brachiocephalic artery have been found by trial. 
A series of vertical tubes of different bores have been tried for tube 4’ 
(Fig. 7). Occlusion of the tube representing the thoracic aorta produced 
changes in arterial blood-pressure and flow which varied inversely as 
the bore of tube A’. Arterial pressure and flow changes similar to those 
found in the animal occurred with a tube having the pressure volume 


_ relations shown in Fig. 8, I. 


When this artificial peripheral vascular system was attached to the 
heart and lungs it imitated the effects of aortic occlusion already seen 


in the animal, a curve is shown in Fig. 9. Other mechanical procedures 


showed similar effects to those seen in the animal. 
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The similar behaviour of the animal and the artificial peripheral 
vascular preparation strongly suggests that both the natural and arti- 


ial blood-pressure mm. Hg 


200 150 100° 50 0 500 1000 
Blood volume in c.c. Blood flow c.c. per min. 
Fig. 8, II. 
Fig. 8. Relationships for the artificial peripheral vascular system shown in Fig. 7. I, vessels 
supplied by the brachiocephalic artery; II, vessels supplied by the thoracic aorta. 


ficial peripheral vascular system have much the same relations between 
arterial blood-pressure, blood flow and blood volume, and that these 
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relations played an essential part in the increase in arterial pressure and 
systemic flow following aortic occlusion. (The sense in which the term 
blood volume is used here needs an explanation. It refers not to the 
absolute volume of blood in the part of the animal or apparatus but to 
the volume of blood over and above that which will escape when the 
arterial and venous pressures are zero.) 

Another artificial vascular system of different design has been 
described elsewhere [Barcroft, 1931 6]. When attached to the heart 
and lungs it also copied the effect of thoracic aorta occlusion and of 


Tube representing thoracic 
aorta occluded 


“see 


Peripheral vascular system | 
replaced by apparatus with 
certain relations between | 

| 

| 

| 


3 
Min. 

Fig. 9. This curve shows that occlusion of the part of the artificial peripheral vascular 
system representing the thoracic aorta (tube I, Fig. 7) increased the systemic flow. 
During the occlusion the arterial blood-pressure rose from 100 to 190 mm. of mercury. 
The similar behaviour of this artificial preparation and the animal suggests that the 
peripheral vascular system of the latter has nearly the relations shown in Fig. 8. 


other procedures. The true analogies between that artificial system and 
the animal’s peripheral vascular system were not recognized at that time. 

(8) The cardio-pulmonary blood-volume change. The artificial peri- 
pheral vascular preparation and the animal also behaved in the same 
way as regards the increase in volume of blood in the heart and lungs 
on clamping the thoracic aorta. In the animal after clamping the thoracic 
aorta the pulmonary blood-pressure rose. This also occurred if the lungs 
were denervated and was therefore a mechanical effect. Daly [1928] 
has shown that increased pulmonary pressure causes increased pulmonary 
flow and volume. Aortic occlusion would therefore be accompanied by 
increase in the volume of blood in the lungs. 
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_ Likewise aortic occlusion causes increase in heart volume, as was 
_ shown by our cardiometer tracings. This can be explained by Starling’ 8 
Law of the Heart [Patterson, Piper and Starling, 1914]. The in- 
creased heart volume is due to an increased arterial pressure and output. 

In the artificial peripheral vascular system there was also increase 
in the volume of blood in the heart and lungs on clamping the thoracic 
aorta. This could readily be seen, as any diminution in the total volume 
of blood in the tubes A and A’ (Fig. 7) must be accounted for by the 
transference of blood to the heart and lungs. Examples of this redistri- 
bution, expressed in c.c., may be seen in Table IIT. 


III. 

Observation... 2 3 
Tish te ia: after occlusion of tube I shown in Fig. 7 23 24 1; 
Diminution in volume of blood in tube A, Fig. 7 107 106 105 
Increase in volume of blood in tube A’, Fig. 7 14 14 13 
Increase in volume of blood in the heart and lungs 93 94 92 


In the animal and in the peripheral vascular preparation aortic ocelu- 
sion showed similar changes in flow and in arterial pressure, so that the 
increase in cardio-pulmonary blood volume would have been approxi- 
mately the same. 

Discussion. 

The various factors causing increase in systemic flow and arterial 
blood pressure after occluding the thoracic aorta may be summarized 
as follows: 

(a) The maintenance of practically zero venous pressure by the heart 
in spite of changes in the work it does. _—.. 

(6) The relations between cardio-pulmonary blood volume, arterial 
pressure and systemic flow. 

(c) The relations between arterial pressure, blood flow and blood 
volume in the upper and lower parts of the peripheral vascular system, 
when the venous blood-pressure is approximately zero. 

The explanation of the effects of aortic occlusion has not brought to 
light anything fundamentally new in vascular physiology. The factors 
(a), (6) and (c) just mentioned have been qualitatively described before 
and their interplay has been recognized. Our problem has been to show 

why a procedure mechanically changes the systemic flow from about 
700 to 900 ¢.c. in 10 kg. dogs. This has forced us to consider the various 
factors and their interplay quantitatively. Our quantitative study has 
been very incomplete although sufficient for the present purpose. Further 
quantitative study of the factors seems necessary for the explanation of 
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systemic flow changes occurring in the normal animal. We were aware 
of the possible participation of reflexes from the carotid sinuses even 
after vagotomy. However, no fundamental changes in the results were 
observed even after killing the central nervous system. 


SuMMARY. 


1, Occluding the thoracic aorta below the great vessels of the neck 
increases the systemic flow from about 700 to about 900c.c. per min. 
in 10 kg. vagotomized dogs. 

2. During this procedure the inferior vena cava must be kept open 
to allow blood from the collapsing vessels in the trunk to pass in the 
upper part of the vascular system. 

3. The central nervous system is not essential. 

4. There is no evidence for the mediation of adrenaline or of any 
other substance affecting the vascular system. 

5. The effect is therefore mechanical and simply due to blood redis- 
tribution. 

6. The following factors are involved: 

(a) The maintenance of practically zero venous pressure by the heart 
in spite of changes in the work it does. 

(6) The relations between cardio-pulmonary blood volume, arterial 
pressure and systemic flow. 

(c) The relations between arterial pressure, blood flow and blood | 
volume in the upper and lower parts of the peripheral vascular system ~ 
when the venous pressure is approximately zero. 

7. Quantitative measurements of some of these factors have been 
made and are used to explain the results of aortic occlusion in 10 kg. 
dogs. 

8. A sure method of killing the central nervous system by anemia 
and heat is described. 


The expenses of this work were defrayed by the Government Grants Committee of the 
Royal Society and by the Rockefeller Foundation. 
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FURTHER OBSERVATIONS ON THE RESPIRATORY- 
ACCELERATOR FIBRES OF THE VAGUS. 


_ By M. HAMMOUDA ann W. H. WILSON. 
(From the Department of Physiology, University of Cairo.) 
(Received May 21, 1935.) 


In a recent paper [1935] we described the reflex effect on the breathing of 
stimulating the vagus below a point on thenerveat which the conductivity 
had been partially interfered with by cooling or pressure. It was shown 
that the passage of inhibitory impulses arising either from the excitation 
of the nerve or from expansion of the lungs could be blocked by the 
establishment of conditions which still permitted the passage of impulses 
leading to the accelerated rhythm accompanying deflation, and that 
under such conditions excitation of the nerve caused an increased fre- 
quency of respiration and not a slowing or inhibition. 

The purpose of the present communication is in part to confirm the 
conclusions already arrived at and in part to provide experimental 
evidence on points which were left for further investigation. 

It is proposed to describe below observations bearing on the following 
points: 

(1) The pulmonary origin of the respiratory-accelerator fibres found 
in the vagus. 

(2) The temperatures at which blocking of the inhibitory and accele- 
rator impulses, respectively, occurs. 

(3) The question as to whether pressure changes within the lungs are 
the exciting cause of the “paradoxical phenomenon of Head”—the 
reversal of the inhibitory inflation reflex—or whether the stimulus arises _ 
from a change in shape or tension in the lung tissues. 

(4) The comparative effect on the breathing of stimulating the 
cervical vagus and superior laryngeal nerves, below a partial block, on the 
breathing. 

In all the experiments described below dogs were used,.the mode of 
anesthesia and of recording being the same as in our previous observa-_ 


tions. The particular methods employed in the different experiments 
will be given in each section. 
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SEcTION 1. THE PULMONARY ORIGIN OF THE 
RESPIRATORY-ACCELERATOR FIBRES. 


The experiment illustrated in Fig. 6 of our former paper [1935, p. 307] 
does not exelude the possibility that the acceleration of the breathing was 
due to excitation of fibres of subdiaphragmatic origin ; the observation 
shown in Fig. 1 has therefore been carried out. 


Fig. 1. Pulmonary origin of iratory-accelerator fibres of vagus. Dog 6 kg. Medinal 


a 


1-3 g. Chloralose 0-05 g. 1, signal; faradic stimulus. 2, A and B, bellows record of 
ventilation with closed chest; C to H, diaphragmatic contraction with open chest and 
_ artificial respiration. 3, time signal 10 sec. A, excitation of central cut end of right 
cervical vagus; inhibition. B, excitation by electrodes passing through thoracic wall 
of left thoracic vagus below root of lung; no effect on breathing; coil at 10 cm. in both 
A and B. C, open thorax from this graph onwards; excitation of thoracic vagus (left) 
below root of lung; coil at 1 cm.; no effect on rhythm. D, excitation of vagus imme- 
diately above root of lung; inhibition. E, excitation of a pulmonary branch of vagus; 
inhibition. Between E and F the left cervical vagus was compressed by a fine screw 
clamp; between F and G clamp removed. F, excitation before the release of pressure ; 
complete blocking of conduction. G, during recovery; excitation immediately above 
root of lung; acceleration of the rhythm. H, excitation of pulmonary branch of vagus; 


Method. 


W ith the closed chest. (Fig. 1 A and B). The thorax was entered through 
the 7th intercostal space on the left side. The vagus was firmly tied as near 
the diaphragm as possible, and carefully insulated electrodes were 
attached above the ligature and well below the root of the lung. The 
wound was closed round the lead from the electrodes, the lungs being 
inflated before complete closure. Normal breathing was then established, 
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a record of which was made by the bellows method. The right cervical 
vagus was cut and electrodes attached to the centrai end. 

Procedure with the open chest (Fig. 1C to H). After the record shown in 
Fig. 1A and B had been made the chest was opened, artificial respiration 
(not recorded) being established. The ligature on the left vagus was found 
to lie 3 cm. below the root of the lung. The nerve above the root of the 
lung was then carefully dissected down to the entry of the pulmonary 
branches, two of which were isolated on ligatures. The respiration was 
recorded by attaching a thread to the central tendon of the diaphragm 
and carrying it over a pulley to a myograph lever loaded with 60 g. 
weight. 

Description of results. 

_ Fig. 1A shows the effect of exciting the right vagus in the neck; the 
normal inhibition of the rhythm occurred. In B it is seen that excitation 
of the left nerve below the root of the lung, that is of fibres of sub- 
diaphragmatic origin, had no effect either accelerator or inhibitory on the 
breathing. 

With the open chest, the cervical vagus on the left side being in its 
normal condition, C, D, and E illustrate the effect of stimulating the 
vagus below the root of the lung, immediately above the root of the lung 
and of one of the pulmonary branches, respectively: it will be seen that 
while in C no change in the rhythm is produced, in D and E inhibition of 
the diaphragmatic movements occurs equally in both cases. The slow 
undulations seen in the latter two records during the inhibitory pause 
synchronize with the artificial ventilation. A screw clamp was then 
applied to the vagus nerve high up in the neck and the nerve compressed 
until, as is seen in the graph F, excitation produced no effect, conduction 
in all fibres being blocked. After removal of the clamp and a short period 
of recovery, at G the thoracic vagus was stimulated just above the root 
of the lung, and at H one of the pulmonary branches. Both records show 
the same increase in the frequency of the respiration. 

The observation illustrated in Fig. 1 demonstrates, first, that excita- 
tion of vagus fibres of subdiaphragmatic origin has no accelerator or other 
effect on the breathing, and, secondly, that the fibres of the cervical 
vagus, the excitation of which is accompanied by acceleration of the 
rhythm, are of pulmonary origin. 
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Section 2, TEMPERATURE AT WHICH DIFFERENTIAL 
BLOCKING OF CONDUCTIVITY OCCURS. 


In our previous observations cooling of the nerve was affected by a 
thermode of Head’s type; it was impossible with this apparatus to deter-_ 
mine even approximately the temperature at which the passage of 
inhibitory and augmentor impulses respectively, was blocked. ane 
following procedure has, were given consistent results. 


Method. 


The intact cervical vagus was freed for as long a distance as possible 
and a short length of the nerve laid in a trough through which normal 
saline cooled to any desired temperature could be circulated; the tem- 
perature being measured by a thermometer the bulb of which lay near 
the immersed portion of the nerve. 

The trough was constructed of Stent’s dental composition (internal 
measurements were about 5x 1-5 cm. and 2 cm. in depth). The wax 

trough was contained. in a metal casing with attached rod by which it 
could be held in position while in use. 

The cooled saline entered near the bottom of the trough and over- 
flowed through an outlet near the top. Close to one end (distal to the 
supporting rod, inlet and outlet tubes) slots were cut in the sides imme- 
diately opposite each other, and from the upper edges to the floor: their 
width corresponded to the size of the dog’s vagus. By carefully raising 
the nerve from its bed it could be readily slipped into the slots and lay, 
when the trough had been fixed in a horizontal position, almost in contact 
with the floor. The slots were then blocked with pledgets of cotton wool 
and vaseline and the trough filled with saline. The length of nerve 
immersed was about 1-5 cm. 

The vagus on the oppostie side was cut. With the trough filled with 
saline at the air temperature the effects of inflation and deflation were 
examined; cooled saline was tlicu cun in and the temperature observed 
at which (a) the inhibitory effect of inflation was abolished, (6) reversal of 
the reflex took place, and (c) the abolition of the acceleration accompany- 
ing deflation. Following this the nerve was tied low down in the neck and 
stimulated below the point where it entered the trough, the effect of 
stimulation at different temperatures being observed. 

_ Early experiments gave results the irregularity of which was thought 
to be due to the rich vascular supply of the nerve. In later experiments 
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the sheath was carefully removed, consistent results being then obtained. 
The following is a résumé of the results with the immersed regions of the 
vagus at different temperatures. 

Between 8 and 9° C. the inflation reflex was abolished. From this 
temperature to 1°C. reversal of this reflex was observed, the normal 
inhibition being replaced by an accelerated rhythm. This was best 
marked at about 5°C. The deflation reflex was normal down to this 
point, then decreasing gradually until it ceased to occur at about 0° C. 
Stimulation of the nerve below the cooled region gave corresponding 
results, the respiratory accelerator effect increasing at first but from 
5° C. downwards diminishing until stimulation ceased \to be effective © 
between 1 and 0° C. 

From these results it was not clear whether, either owing to pro- 
gressively diminishing conductivity or unequal cooling of the rather thick 
nerve, inhibitory impulses were still passing between 8 and 5° C. when the 
accelerator effect appeared to reach a maximum. 

To determine more accurately the temperature at which the passage 
of these impulses is completely blocked a similar observation was carried 
out on the superior laryngeal nerve which, owing to its small size, can be 
more rapidly and completely cooled and contains no augmentor fibres. 
The nerve was laid:in a slot in a short piece of copper rod through which 
water at a known temperature could becirculated. Repeated observations 
showed that strong excitation below the cooled area failed to produce any 
slowing or inhibition of the respiration when the nerve was exposed to a 
temperature of 8° C. 

The observations thus show that while the augmentor fibres retain 
their conductivity down to a temperature just above 0° C., the passage of 
impulses through the inhibitory fibres is blocked at 8° C. 


SEcTION 3, THE NATURE OF THE STIMULUS GIVING RISE TO REFLEX 
ACCELERATION OF THE BREATHING WITH INFLATION. 


In our previous paper the question was left undecided as to whether 
the reflex stimulus originating the accelerated rhythm was a change in 
shape or tension of the lung tissues or whether it originated in the increase 
of the intrapulmonary pressure whereby, both in Head’s original obser- 
vations and in our own, the expansion of the lungs was brought about. 
In Fig. 1 of our paper [1935, p. 299] a good example of the phenomenon is 
shown, the lungs being inflated through the trachea, by increased intra- 
pulmonary pressure. 
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In the observation illustrated below (Fig. 2), expansion of the lungs 


was affected by a negative extrathoracic pressure, the intrapulmonary 
pressure undergoing no change. 


Fig. 2. Expansion of the lungs by extrathoracic negative pressure with reversal of the 

normal reflex. Dog 4-2 kg. Medinal 0-9 g. Chloralose 0-05 g. No morphine. 1, bellows 
record of pulmonary ventilation. 2, Hg manometer recording air pressure in box. 
3, time record 10 sec. At the arrow mark iced water was allowed to flow through the 
double thermode applied to the two vagi. The negative pressures shown on the mano- 
meter record correspond to inflation of the lungs. 


Method. 


The air chamber or box method as previously described [1928] was 
used, a negative pressure in the air space surrounding the animal pro- 
ducing inflation of the lungs. Differential blocking of nerve impulses was 
affected by cooling both vagi simultaneously to the same temperature. 
The Head type of thermode could not be used in the closed box. A 
double thermode was therefore devised for the purpose. This consisted 
of two small copper blocks, one for each vagus, the nerve lying in a deep 
slot cut at one end. The blocks were drilled to receive inlet and outlet 
tubes, of 4 mm. bore, which were soldered in. The inlet tubes from each 
thermode were connected to a main inlet passing through the cover of the 
box, the outlet tubes being similarly connected to a common exit. Iced 
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water was circulated through the system. Thermometers registered, out- 

side the box, the temperature of the water at the inlet and outflow. The 

temperature was adjusted so that at the exit it did not exceed about 

Roperimental results. 

In the example shown in Fig. 2 a record was first taken of the reflex 
effect on the rhythm of deflation and inflation of the lungs by a positive 
and negative pressure in the air space of 8 mm. Hg respectively. The 
normal acceleration and inhibition is seen. Iced water was then run 
through the thermode system and a record was taken of the effect of 
inflation of the lungs by a negative pressure of —12 mm. Hg. Well- 
marked reversal of the inflation reflex occurs, the normal inhibitory effect 
_ being replaced by an increase in the frequency of the breathing from 24 
to 42 per minute. 

It is evident that the nerve endings in the lungs responsible for the 
- augmentor effect are excited by the change in the shape or tension of the 
lung tissues and not by a change in intrapulmonary pressure, the nature 
of the stimulus thus appearing to be the same as that which originates the 
inhibitory effect. 


Section 4. COMPARATIVE EFFECT OF EXCITING THE 
VAGUS AND SUPERIOR LARYNGEAL NERVES. 


Rosenthal [1862] described the effect of stimulating the superior 
laryngeal nerves as expiratory, or inhibitory of respiration; he, in fact, 
regarded this nerve as the sole path of such impulses, the vagus carry- 
ing inspiratory impulses. Later authors have confirmed Rosenthal’s 
description of the effect of excitation ; no author has described an accelera- 
tion of the breathing as occurring on excitation of this nerve. 

It appeared to be of interest to compare the effect of stimulating, 
below a spot at which the conductivity had been modified, a nerve which 
evidently contains only fibres carrying impulses which exert an inhibitory 
influence on the respiratory centre, with that of exciting the cervical 
vagus which, in our view, contains in addition to the inhibitory fibres other 
fibres conveying augmentor impulses to the same centre. 

The observation illustrated in Fig. 3 shows the result of such a com- 


Method. 
The right vagus was cut low down in the neck and the superior 


laryngeal of the same side isolated near the larynx. The two nerves 
which, in the dog, do not join but run near together, were carefully 
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dissected out and freed up to the ganglion nodosum. The nerves were 
placed on separate electrodes so arranged that either one or the other 
could be stimulated as desired. Both nerves at a point just below the 
ganglion were placed together in the slot of a thermode of the tubular 
type described above (Section 3). 


| 


Fig. 3. Excitation of superior laryngeal and vagus nerves peripherally to a cooled area. 
Dog 4-6 kg. Medinal 1 g. 1, stethograph record. 2, signal (faradization). 3, time 
10 sec. V, stimulation of central end of cut right cervical vagus. S.L., stimulation of 
central end of right superior laryngeal. A, both nerves on thermode at 10° C. B, ther- 
mode at 3° C. after section of left vagus (both vagi now cut). Stimulation by faradizing 
with coil at 5 cm. peripheral to the cooled region of the nerves. 


Experimental results. 


In the record shown in Fig. 3A, made before cooling had reached a 
point at which differential blocking of any impulse through the nerve 
fibres would take place, it will be seen that stimulation is accompanied by 
inhibition of respiration, the effect being indistinguishable in the two 
nerves. 

In B, one vagus being still intact, and in C, in which both had been 
cut, stimulation of the vagus produced a great increase in the rate of the 
respiratory rhythm, whereas excitation of the superior laryngeal had no 
effect on the breathing, the passage of impulses through the inhibitory 
fibres having been completely blocked (temp. 3°C.). Both nerves 
were subjected to the same degree of cold, lying as they did on the 
same thermode; it is thus clear that any difference in the results of 
stimulation, which was also identical in the two cases, must be due to a 
difference in the fibre make-up of the nerves. Evidently the vagus con- 
tains fibres the conductivity of which is blocked at a lower temperature 
than that of the fibres of the superior laryngeal. It is these fibres absent in 
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the latter nerve but present in the former which convey respiratory 
accelerator impulses to the centre. 

It has been pointed out that excitation of the normal vagus is always 
accompanied by inhibition of the breath- 
ing, although both augmentor and in- 
hibitory fibres are stimulated. This is 
explained by the dominant effect of 
the inhibitory influence on the central 
mechanism. It is suggested that this 
would be expected if the view we have 
expressed be correct, that while the 
augmentor influence acts only on the 
rhythmic centre the inhibitory affects 
mainly the lower (apneustic) centre. 

The predominant effect of stimula- 
tion of inhibitory fibres is well shown in | 
the experiment illustrated in Fig. 4. _—_‘ Fig. 4. Predominant effect of excitation 

The cervical vagus on one side was % in 0008 1365. 4, 
cooled to about 5° C. and stimulated ur stethograph on epigastrium. 
below the cooled area, during faradiza- 7; 
tion, which caused pronounced increase gt 
in the rate of the rhythm, the superior tothe the 
laryngeal nerve was excited by a faradic Inspiration up, ex- 
current of about equal strength. The 
accelerated respiration due to the excitation of augmentor fibres in the 
vagus was at once inhibited, the fast rhythm recommencing immediately — 
the excitation of the purely inhibitory fibres of the superior laryngeal 
nerve ceased. 


Discussion. 


In describing the observations recorded above we have in each 
section commented on the results. 

The results appear to confirm and provide additional evidence for 
the views expressed in the paper of which this communication is a sequel. 

In that paper we discussed [1935, p. 309] the evidence which it was 
believed showed that in normal breathing, while inhibitory influence is 
absent at the level of expiration, the augmentor influence is constantly 
present and is increased (p. 310) by a change in volume in either direction. 
And it was suggested (p. 311) that it would be of interest to examine the 
electrical changes during quiet breathing above a spot on the cervical 
vagus cooled sufficiently to block the passage of all inhibitory impulses. 


at 
“~~ 
| 
3 
« 
| 
‘ 
ig 
| 
4 
5 
‘ 


RESPIRATORY-ACCELERATOR FIBRES IN VAGUS. 171 


Hammoudaand Stella [1935], using the Matthews’ oscillograph, have 
made a preliminary examination of these changes. They find that under 
such conditions discharges of measurable activity, although much re- 
duced, are still found throughout the whole cycle with a definite slight 
increase at the beginning of both inspiration and expiration. These 
observations would in fact accord very well with the results we have 
obtained in records of the breathing under similar conditions and the 
views we have expressed as to their meaning. The authors, however, 
suggest that the results do not necessarily imply the presence in the vagus _ 
of two types of nerve fibres, as we have claimed, but may possibly be 
explained on the basis of Tsai’s observations [1931] on nerves in which 
the conductivity was diminished by cocaine. That author showed that 
discharges in passing through an area in which the conductivity has been 
partially blocked suffer a great diminution in rate, owing to an increase 
in the refractory period. The implication of this suggestion would be that 
the decreased frequency of impulses after passing through the cooled 
region of the nerves is the cause of the altered response (acceleration in 
place of inhibition), the centre reacting to such slow impulses by accelera- 
tion of the respiratory rhythm, by inhibition to impulses of greater 
frequency: only one type of nerve fibre would thus be required in the 
vagus and one type of vagus nerve ending in the lungs. This suggestion 
is negatived by the fact that in the normal nerve the rate of excitation 
has no influence on the result. An example is shown in our previous paper 
[1935, p. 301] in which stimuli at a frequency of 10 per sec. are seen to 
produce the usual inhibition of the breathing. We have since found that 
stimuli applied to the vagus at rates of from 8 to 50 per sec. (break 
shocks) produce acceleration below and inhibition above a partial block 
produced by cooling. It is further disproved by the observation recorded 
in section 4 of the present communication (p. 69), in which it will be 
seen that the excitation of the purely inhibitory fibres of the superior 
laryngeal nerve under no condition produces an increase in the frequency 
of respiration, the effect of cooling being simply to abolish all response to 
stimulation. Hammouda and Stella’s observations may in fact be 
regarded as demonstrating the presence throughout the whole cycle of the 
; augmentor influence on the centre which we have described. 

That, in addition to the fibres conveying the inhibitory influence 
there are in the vagus augmentor fibres seems to be conclusively demon- 
strated by the experiments on the comparative effect of exciting the 
superior laryngeal and vagus nerves which is illustrated in Fig. 3 of this 


paper. 
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SuMMARY AND CONCLUSIONS. 


1. Experimental proof is given that the respiratory accelerator fibres 
present in the cervical vagus are of pulmonary origin. 

2. The conductivity of the inhibitory fibres is found to be abolished 
at 8° C. and of the augmentor at a little above 0° C. : 

3. The “reversal effect” is shown to be excited by volume changes 
and not by air pressure changes in the lungs. 

4, Proof is given, by excitation of the superior laryngeal nerve below 
a cooled area, that augmentation of the rate of breathing cannot be due 
under any conditions to the stimulation of fibres carrying inhibitory 
impulses and consequently that the vagus must contain two types of 
nerve fibres, the one inhibitory, the other augmentor. An experiment 
demonstrating the dominant effect of the inhibitory influence, when 
present, on the central respiratory mechanism is illustrated. 

5. The observations recorded confirm the conclusion that two 
functionally opposite types of vagus nerve endings exist in the lungs, the 


one augmentor, the other inhibitory of respiration, the former being 


excited by any change in the volume of the lungs, the latter only by the 
increased tension of the lung tissues produced by expansion. 
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INTERMITTENT CONDUCTION IN THE SPINAL CORD. 


By DONALD H. BARRON! anp 
BRYAN H. C. MATTHEWS. 


(From the Physiological Laboratory, Cambridge.) 
(Received May 28, 1935.) 


INTRODUCTION. . 


THE following paper presents the beginning of an investigation of the 
impulses conducted in the spinal cord and will be chiefly concerned with 
an analysis of an intermittent type of conduction which appears to be a 
common property of many fibres of the central nervous system. In a 
previous paper one of us [Matthews, 1934] pointed out that discharges 
of impulses leave the spinal cord by the posterior roots. The most striking 
character of some of these discharges was a peculiar intermittent blockage 
in an otherwise continuous stream of impulses [Barron and Matthews, 


1935]. Such intermittence had never been observed in peripheral nerves 


nor in the discharges of the motor horn cells. Further work confirmed the 
original findings and led us to believe that this intermittent blockage of 
conduction might be a common property of many of the fibres in the 
tracts of the spinal cord. Examination of the discharges of impulses 
travelling in the posterior columns and in the relayed tracts of the spinal 
cord have shown that this is indeed true. It seems to us that the inter- 
mittent conduction we have observed may be regarded as a mechanism 
of inhibition. Whether it is the chief mechanism by which inhibition is 
effected cannot be decided on the evidence available, but this does not 
seem to us impossible. We will therefore consider the phenomenon of 
intermittence in some detail. 

The majority of our studies have been made on the fibres of the dorsal 
rootlets conducting peripherally, for, as we will show below, they are 
branches of fibres in the central nervous system and offer an easier 
approach to the study of the phenomenon than direct leads from the 


3 National Research Council Fellow in Biological Science. 


| 


as 


; 
bad 
4 
“a 
4 
3 
in 
a 
a 
iZ 
3 


74 D. H. BARRON AND B. H. C. MATTHEWS. 


fibres of the tracts. We have also attempted to ascertain the function and 
peripheral fate of the impulses leaving the spinal cord by these “re- 
current fibres”. Our histological findings on the course of these fibres 
have already been reported [Barron and Matthews, 1934]. 

As far as possible, we have examined the response in single active 
fibres in order to avoid statistical effects of many units and to obtain a 
simple picture of the phenomena occurring in individual conducting 
paths. We have used various methods to restrict our recording to one 
fibre, and these methods will be described later together with the experi- 
ments in which they were employed. 

The investigation of single units in a population with some variable 
characteristics has the drawback that a very large number of preparations 
must be examined in order to decide which phenomena are common to a 
large number of units and which are due to the peculiarities of individual 
units. Only when this analysis has been made is it possible to resynthesize 
their general behaviour and to relate it to the normal multi-unit activities 
of the tissues concerned. 

We have supposed only a single fibre to be active when the record of 
the action potentials shows them all to be of the same simple shape and 
size, and when they form part of a regular rhythmic series, their fre- 
quency depending upon the stimulation, when natural (via a sense organ) 
on the intensity of the stimulus, and when artificial on the rate at which 


the electrical stimulus is repeated. Moreover, when electrical stimulation — 


is employed, the “all or nothing”’ relation of response to the strength of 
shock further demonstrates the activity of a single unit. In practice with 
a loud-speaker and a viewing screen in use, there is never the least 
difficulty in deciding whether or not a discharge exhibits these charac- 
teristics. The regularity and easy repetition of the response leave little 
doubt that it is produced by a single functional unit. 


METHOD. 


The recording apparatus used in the present work has been previously 
described [Matthews, 1929]. A four-stage amplifier fed the output stage 
driving the oscillograph; switches allowed for coupling by either 0-001, 
0-01, 0-1, or 4mfd. condensers and also for direct coupling by batteries. 
The smaller coupling condensers were often used to eliminate slow move- 
ments of the base line at high sensitivity and to enable small potentials 
to be recorded during electrical stimulation [Matthews, 1931]. A valve 
(904 V Mullard), picked for its low noise level from among a number of the 
same type, was used in the first stage and suspended freely on rubber 
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bands to obviate microphonic disturbances. With an input resistance of 
500,000 ohms the random disturbances of the base line were equivalent 
to about 2 microvolts, and on short circuit they were below 1 microvolt. — 
A separate amplifier feeding a loud-speaker was connected between the 
second and third valves. Complex discharges could often be analysed by 
ear when it would have been very laborious to interpret them from a 
photographic record. In many of the experiments the camera was only 
used to get an exact record of what was qualitatively apparent from the 
loud-speaker and the viewing screen. The latter, of the usual rotating 
mirror type [Matthews, 1929], was used to observe — . 
deflections throughout the experiments. 


1 megohm Rate 


Fig. 1. Diagram of the neon amp circuit used for rhythmic stimulation. 


When nerves or fibre tracts were stimulated artificially, we occa- 
sionally used a coreless induction coil but more often a neon lamp in a 
circuit arranged as in Fig. 1. It was more convenient because both the 
rate and strength of stimulation could be controlled by rheostats. 
Nearly all of our experiments have been carried out on cats. We 
have, however, verified the general nature of the phenomenon of 
intermittence by experiments on the posterior columns and dorsal roots 
of frogs. 

Our general procedure was as follows: The animal was anesthetized 
with ether and chloroform, a tracheal cannula inserted and ligatures 
placed loosely around the carotid arteries. The lamine of the lumbar 
segments were removed, the dura opened and threads looped under 
rootlets chosen for examination. Any other dissection required was then 
carried out. The animal was usually decerebrated by the trephine method 
and the anesthetic discontinued. The preparation was then set up in a 
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large shielded box, the air in which was warmed by an electric heater and 
moistened from a hot-water tank. The electrodes used for recording were 
usually of the silver silver-chloride Ringer-thread type. 


IMPULSES ENTERING BY THE DORSAL ROOTS. 


If a small division of a dorsal root is severed and its distal end placed 
on the recording electrodes, the activity of a large number of fibres is 
recorded as a jumble of impulses. The peripheral distribution of the 
rootlets has been examined by locating the regions where stimulation (by 
touch, pressure, movement, bending of hairs, etc.) produces an addition 
to the response, Even a very tiny rootlet has a wide peripheral distribu- 
tion; any one of the rootlets in lumbar segments 2-7 carries impulses 
arising from receptors of all kinds scattered throughout the lower limb, 
in muscles, joints, pads of the foot and the skin. There is, however, 
usually a general focus in which the larger number of these receptors 
discharging impulses via any one rootlet may be found. Ifa large number 
of rootlets are examined and stimulation of the limb restricted, for 
example, to the stretch of the soleus, some response is found in many 
rootlets distributed over three or four spinal segments. The greater part 
of the fibres from the receptors in such a muscle are found to enter the 
cord through 15-20 consecutive rootlets. These results were, indeed, to 
have been expected and confirm the earlier findings of Eckhard [1847], 
Sherrington [1892] and others, on the peripheral distribution of the 
fibres from any single spinal segment. 

There is, therefore, no obvious exact anatomical pattern in the dis- 
tribution of the rootlets, nor do fibres from particular types of receptors 
enter the cord in groups. Neither is there any clear functional distribu- 
tion. The rootlets do not receive their impulses from either distinct flexor — 
or extensor groups of muscles. Each rootlet conveys into the spinal cord 
a mixed sample of the sensory events in a large peripheral area. 

As a result of this distribution pattern, it is fairly easy to obtain single 
receptor preparations in the posterior roots, for the receptors are so 
widely spread in the periphery that one may be stimulated without 
influencing the other receptors whose fibres course centrally in the same 
rootlet. If all the readily accessible nerves in a limb are cut peripherally 
leaving only a small twig intact, examination of the posterior rootlets 
will reveal some which contain only a single fibre from the single surviving 
peripheral twig. From such a rootlet a simple rhythmic discharge may be 
recorded by stimulation of the appropriate area. This method is a simple 
and reliable procedure for obtaining preparations in which the response of 
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a single receptor of any type may be studied, but it has not yet been used 
extensively for this purpose. The responses recorded thus do not appear 
to differ in any way from those obtained by leading off from a peripheral 
nerve from a receptor isolated by severing all other sensory fibres. 


IMPULSES LEAVING BY THE DORSAL ROOTS. 


Our attention was soon attracted from the peripheral to the central 
ends of the posterior roots when we found them to be carrying impulses 
out of the cord. In an animal prepared as we have described above, the 
central portion of any posterior rootlet (either cut or blocked with novo- 
caine peripheral to the electrodes) will be found to be carrying impulses 


Fig. 2. Action potentials recorded from the central portion of a cut dorsal rootlet.. Time 
marker 1/20 sec. This and all subsequent records read from left to right and are about 
one-half the size of the original records. 


out of the cord in many fibres. A typical record of these impulses is shown 
in Fig. 2. It is often necessary to divide even the smallest rootlet to 
obtain a clear single-unit response, but frequently the nerve endings in 


‘connection with a rootlet are so widely separated that one can be stimu- 


lated without the others being affected. In any case, it is much easier to 
split rootlets than peripheral nerve twigs owing to the absence of con- 
nective tissue. For the same reason, however, the rootlets are easily 
damaged or pulled apart by tension, and considerable care is necessary 
in manipulation of the smaller bundles to avoid pulling them away from 
the cord. Likewise, the injury discharges, so common in peripheral nerve 
trunks, which Adrian [1930] has shown to be associated with the pre- 
sence of the sheath, are practically absent. Somewhat similar discharges 
can, though, be evoked if the rootlets are pulled. These discharges appear 
to be due to the rupture of some of the fibres where they enter the cord. 
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Unlike the peripheral injury discharges they last only for a matter of 
seconds. 
In a previous note one of us [Matthews, 1934] pointed out that the 
‘impulse discharges, leaving the spinal cord by the posterior roots, fall 
into three types: (a) those in small fibres as evidenced by slow potential 
waves, (b) antidromic sensory discharges, and (c) secondary discharges 
from cells within the spinal cord, The latter were previously called 
“motor-type”’ discharges, but as we have no evidence of their having any 
motor function, we shall henceforth refer to them as secondary or relayed 
discharges. We have classed them as relayed discharges because they 
resemble other relayed discharges, e.g. those in the spino-cerebellar tract 
and the discharges of the motor neurones, both in their frequency and the 
factors which modify it. Their rate of rhythmic discharge is never 


Fig. 3. Secondary discharge lesving the spinal cord by's lumbar rootlet when the ipsilateral 
forefoot was pinched. Time marker 1/20 sec. 


above 70 per sec., and the stimuli which evoke or modify it are: pressure 
on or movement of the limbs, raising and lowering or rotation of the head, 
and stimulation of the opposite limb. Often stimulation of the forelimb 
controls the discharge in the sixth or seventh lumbar roots (see Fig. 3). 
Cutting all the other sensory rootlets of the same and adjacent roots may 
reduce but seldom abolishes the discharge occurring when the appropriate 
region is stimulated. Lastly, in contradistinction to the discharges of 
type 6, the receptive area was not restricted to a limited area. Our eae 
investigation has been confined to the type 6 above. 

The impulses in fibres of the antidromic sensory type (type 6) arise in 
peripheral receptors and not from a cell body within the spinal cord, but 
are conducted for some distance in the cord itself, while those studied by 
Adrian, Cattell and Hoaglund [1931] in the frog survived destruction 
of the cord. The site of origin of these impulses is readily found by mani- 
pulation of the animal, for a region can be located where pressure, 
stretch of muscles or movement of hairs produces a discharge of centri- 
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fugal impulses in the rootlet on the electrode. This discharge is the 
typical response of the receptor stimulated and differs in only one respect 
from that recorded from a peripheral nerve. This difference is, that the 
responses from slowly adapting nerve endings giving a prolonged dis- 
charge often stop and restart abruptly at short intervals. (Though this 
intermittent blockage appeared to be characteristic of all the antidromic 
sensory fibres, we have also seen it in the discharges of a relayed fibre of 
type c, which were conducting centrifugally.) We will first consider the 
discharges of the antidromic sensory fibres b. 


_CoURSE AND NATURE OF ANTIDROMIC SENSORY FIBRES. 


Before attempting to analyse the phenomenon of intermittent con- 
duction exhibited by the antidromic sensory fibres, it was essential to 
know the course and functional nature of these fibres. 

The site of the fibre by which any single-unit response has entered the 
cord can be readily ascertained by cutting the neighbouring rootlets one 
by one where they enter the cord. Here they are spread out in very small 


bundles. After each successive cut the response continues to appear 


whenever the sensory stimulus is applied until section of one particular 
rootlet abolishes it completely. It is clear then that the fibre bringing the 
sensory discharge into the cord is contained in this rootlet. If the elec- 
trodes leading to the amplifier are now replaced by stimulating electrodes 
and the recording electrodes are placed on the central end of the rootlet 
that a moment before was carrying the sensory discharge into the cord, 
it is found that this intracordal portion of the pathway conducts impulses 
in either direction with no more delay than is required for conduction, 
and can transmit impulses at rates up to about 600-700 per sec. (see 
Fig. 4). Hence there is no reason to assume a synapse in the intracordal 
portion of the fibre pathway. We have found that in many cases the 
responses enter the cord by a rootlet not far (1-2 cm.) from the rootlet 
by which it leaves, but this is by no means always the case. Often the 
response has traversed four or five segments, and the rootlet carrying the 
emergent discharge may be above or below the rootlet of entry. 

If a shallow cut is made in the cord to sever the posterior column close 
above the electrodes, while the emergent discharge is observed, it may 
either continue or be obliterated. If it continues, a similar cut below 
always abolishes it, showing that the path up or down the cord lies in the 
posterior columns. These cuts have been checked histologically to verify 
the fact that the cut had only involved the posterior columns. Thus the 
central path of these fibres appears fairly clear. These facts taken with 
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the histological studies [Barron and Matthews, 1934] suggest that the 
fibres of exit and of entrance of these discharges are both processes of a 
dorsal column fibre. | 

We next turned our attention to the peripheral distribution of these 
fibres and their function. We found that these fibres did not end in the 
ganglion. By leading from the central ends of peripheral nerve twigs 
going to the skin and muscle we were able to trace many of the discharges 
peripherally. We eliminated the motor discharges in the peripheral 
nerves either by anterior root section or by deep anesthesia. In the 
cutaneous nerves of the skin this procedure proved unnecessary, for we 
could easily distinguish the antidromic sensory discharges by their 


Fig. 4. Impulses ina single fibre from three successive taps on a pressurereceptor. Maximum 
frequency 650 per sec. approx. Time marker 1/20 sec. 


characteristics. As in the dorsal rootlets, impulses can be evoked by 
appropriate stimulation of some region, and the impulses form a typical 
sensory discharge. (We have usually observed the response of single units 
_ by restricting the stimulus and when necessary dividing the nerve on the 
electrodes.) The discharges further resemble those recorded from peri- 
pheral ends of the dorsal rootlets in that they are frequently intermittent. 
They appear indeed to be the same discharges, for any single-unit 
response in either a cutaneous or muscular nerve vanishes suddenly when 
some particular dorsal rootlet is severed. They do not arise in the gang- 
lion but come through the cord via the dorsal roots. These antidromic 
discharges are, therefore, conducted peripherally beyond the ganglion in 
both cutaneous and muscular nerves. 
We have found antidromic discharges originating from the endings 
about hairs in the skin in both muscular and cutaneous nerves. Likewise 
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discharges arising from.muscles and joints pass peripherally again in the 
nerves to the skin and to the muscles. Thus the fibres concerned run from 
deep or superficial receptors into the cord and send branches out again to 
either deep or superficial nerve twigs. There is no obvious correlation 
between the origin of the centripetal and the destination of the centri- 
fugal discharge. We have not found any discharges that appeared to have 
originated in the viscera. However, we have not examined visceral nerves 
to see whether centrifugal discharges which have left the spinal cord by 
the dorsal roots are carried to the viscera. 

The two peripheral ends of the fibre concerned are often widely 
separated. We have found these fibres running from the skin of the flank 


to the lower leg and vice versa, from the intercostal muscles to the upper 


leg, from the upper leg to the tail, from the upper leg to the sole of the 
foot, etc. The centripetal discharges originate in hair, pressure, muscle, 
tendon receptors, so that sensory fibres from these endings appear to 
send collaterals out from the cord to the periphery. Heat was frequently 
used as a stimulus, but we never found any antidromic discharges which 
we were satisfied had been evoked by the temperature change. 

We have tried to find out to what sort of structures the centrifugal 
discharges go, but the problem is extremely difficult. If we apply electrical 


stimulation to the dorsal roots, though peripheral effects such as the vaso- 


dilation discovered-by Bayliss may result, how can we determine whether 
these phenomena are due to impulses set up in the fibres that carry anti- 
dromic sensory impulses or to those set up in the other fibres present? 
Several possibilities regarding the functional termination of these fibres 
may be considered: (a) they might have motor terminations on muscle 
fibres; (b) they might terminate in endings associated with blood vessels ; 
(c) or these fibres might be attached to a sensory nerve ending at both 
ends. 

Horton-Smith [1897], Wana [1898], and Dale [1901] have found 
from observations on the posterior roots of frogs that a few dorsal root 
fibres are motor to striated muscle. To test this possibility in the cat, we 
stimulated the peripheral ends of the dorsal roots after complete section 
of the anterior roots. We led from many muscles with both concentric 
needle electrodes and large electrodes, but could detect no sign of muscle 
action currents. The sensitivity of our apparatus was such that we could 
detect the activity of a single motor unit in any of the muscles examined. 
It therefore seems unlikely that these fibres are motor to striated muscle. 

With regard to (6) it seems possible that many of the fibres carrying 


antidromic sensory impulses out from the cord may go to blood vessels 
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and be responsible for Bayliss’ antidromic vaso-dilatation. They could 
thus carry out blood-vessel control via an axon reflex pathway. Unlike 
the classical example of the axon reflex [Bayliss, 1901], the branching 
of the fibre here takes place within the cord. The peculiar properties of 
the central conduction in this path—as we will show later—might 
enable the central nervous system to influence the reflex, although there 
is no reason to suppose & synapse intervenes in its course. However, we 
have no positive evidence that these fibres are performing this function. 
What inferred evidence there is, in fact, is opposed to the supposition. 
We are of the opinion that possibly (c) is the most probable, ¢.e. that 
both ends of the fibre go to a sense organ. Our evidence on this point, 
however, is not as conclusive as we would wish. The experiments de- 


column 
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Fig. 5. Diagram to show the disposition of the electrodes in the experiments designed to 
determine whether or not the second peripheral branch of the fibre terminates in a 
‘sensory receptor. 


signed to test this hypothesis were carried out as follows: Silk loops were 
placed about a number of mid-lumbar posterior rootlets. These rootlets 
were then successively slung over electrodes (A in diagram), and the ascend- 
ing impulses in them blocked by putting a minute pledget of cotton wool 
soaked in 1 p.c. novocaine in Ringer in contact with them peripheral to 
the electrodes (x in diagram). In this way we were able to study the centri- 
fugal discharges without severing the rootlets. When a rootlet was found 


that carried antidromic sensory impulses from a conveniently placed 


receptor, the nerve supplying the locus of the receptor was dissected out. 
Stretch receptors in M. peroneus longus were often sought, for the nerve to 


this muscle is very easy to reach in the cat and is a convenient size for _ 


subsequent recording. This nerve was then blocked with novocaine (y in 
diagram) to verify that it did indeed carry the fibre from which we were 
recording centrifugal impulses in the dorsal rootlet (Fig. 5.) 
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We then transferred the electrodes from the dorsal rootlet to the 
peripheral nerve (B in diagram). The rootlet was bathed in Ringer to 
remove the novocaine at « until it was again conducting from the peri- 
phery. The novocaine block of the peripheral nerve beyond the electrodes 
(at y) was continued so that we could record only the antidromic sensory 
discharges which it carried. In this way we hoped to be able to observe 
the impulses descending the same nerve fibre which they had ascended 
from the receptor previously recorded, and thus to find out whether or not 
the emergent fibre, from which we previously recorded centrifugal im- 
pulses, continued out to a sensory receptor at the periphery. We per- 
formed this experiment with slight modifications a large number of times. 
Several times we found a response from a sensory receptor in the peri- 


, Fig. 6. Diagram to illustrate the course of the “recurrent” branch of « dorsal column fibre 
: as indicated by our physiological experiments. 


| pheral nerve. Usually there was an antidromic sensory discharge in more 
than one fibre. In attempting to cut down the nerves in both sites, we 
always ended by severing the fibre required at one point or the other, so 
we were never able to get a really conclusive result. 

However, we have found no evidence that is opposed to the view stated 
above. The question of whether or not the majority of the emergent 
fibres go to sensory receptors must be left open until more evidence is 
available. By elimination, however, it appears the most likely place for 
them to go. 

Histological experiments [Barron and Matthews, 1934] have borne 
out our physiological findings as to the nature and course of the recurrent — 
sensory fibres. Large numbers of undegenerated fibres are present in the 
central ends of resected dorsal rootlets 7-30 days post-operatively, and 
these intact fibres are still carrying antidromic sensory discharges. The 
physiological evidence above demonstrated that the intracordal portion of 
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these fibres was in the dorsal columns and that the incoming portion of the 
fibre was of the usual type in the dorsal roots. Inasmuch as the anti- 
dromic fibres only conduct peripherally sensory discharges arising in 
muscle, tendon, joint and hair receptors, we have assumed these fibres to 
be collaterals of the dorsal columns where sensations from these endings 
are known to be carried forward. If this view is correct, then it would be 
unlikely that these ‘‘recurrent fibres” end elsewhere than in similar end 
organs, or other types of sensory discharges would be conducted for 
some distance at least in the dorsal columns. The evidence presented 
below suggests that this is not the case. Our histological studies demon- 
strated that about 32 p.c. of the fibres in any dorsal root are of this 
recurrent type, and if they are all collaterals of the dorsal columns the 
inference is that each dorsal column fibre has one such collateral extending 
to the periphery. Hence a great many dorsal column fibres are connected 
to the periphery by two branches, one with a cell body in the posterior 
root ganglion, and the second passing the ganglion without a nutrient 
centre there. The preparations we have studied appear to be single fibres 
in the dorsal columns in connection with two single peripheral fibres from 
which we record the action currents. Fig. 6 illustrates the course of these 
fibres as indicated by the histological and physiological evidence. 


THE PHENOMENON OF INTERMITTENT CONDUCTION. 


The responses coming out of the cord via the recurrent fibres are 
exactly like those entering the cord from the stimulated receptors. The 
impulses appear in a regular sequence, their frequency depending on the 
intensity with which the receptor is stimulated. Adaptation occurs just 
as in the peripheral preparations. The discharges show thatthe re- 
fractory period of the central pathway is little if any longer than that of 
its peripheral nerve fibre. This is illustrated in Fig. 4, where on sudden 
application of the stimulus the frequency rises to about 650 per sec. Such 
frequencies are often seen to occur with the abrupt onset of an intense 
stimulus. | 

The outstanding difference, in the discharges which emerge from those 
which enter the cord, appears when the impulses come from a slowly 
adapting nerve ending such as a muscle spindle. The antidromic dis- 
charge in such a case is exactly like that of a similar receptor recorded 
peripherally, except that at fairly regular intervals it stops abruptly 
without any change in frequency and restarts a moment later equally 
abruptly. An exactly similar record could be obtained from a peripheral 
nerve if the electrodes were periodically disconnected and reconnected to 
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the recording system. Portions of these intermittent discharges are shown 
in Fig. 7 at various frequencies and durations of intermittence. Thus it 
appears that some central portion of this pathway does not conduct all of 
the impulses reaching it. : 

This phenomenon, which we shall refer to as intermittence, is the 
main thesis of this paper. We have found it to occur in many of the 
pathways of the spinal cord of the frog as well as in the cat. It appears to 


Fig. 7. Antidromic discharge coming from a stretch receptor in the M. gastrocnemius 
showing intermittence at various rates of response. Line represents 1/10 sec. 


us to be a fundamental property of fibres in the central nervous system. 
We will, however, consider the nature of this phenomenon of intermittence 
as it occurs in these recurrent sensory pathways before presenting evidence 
of its occurrence elsewhere. 

It must be here emphasized that this phenomenon of intermittence 
can never be observed in any mass effect, where a large number of fibres 
are active, for the individual fibres carrying intermittent discharges are 
not synchronized with each other in their periods of intermittence. If two 
active fibres are examined simultaneously, the intermittence in each 
appears to be independent of the other. Thus when many fibres are 
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observed no sign of intermittence will appear, for the summed effect will 
be a steady stream of impulses, and unless the intermittence of many of 
these fibres changes it will be related to the total frequency of impulses 
travelling in these fibres before they pass the regions in which the inter- 
mittent block occurs. 

We have assumed above that what enters the intermittent pathway is 
a continuous discharge of impulses. This seems a safe assumption, for 
intermittent discharges have never been reported by anyone working 
with preparations of a peripheral nerve when its sense organ was sub- 
jected to steady stimulation, and one of us has recorded the response from 
many hundreds of preparations of single slowly adapting end organs in 
the cat and in the frog. Moreover, we have never observed anything of 
the sort in the incoming discharges in the dorsal roots central to the spinal 

lion. 

—. thus appears that the intermittence of the discharge is produced 
and determined inside the central nervous system. This assumption we 
have been further able to substantiate by electrical stimulation. The — 
experiment was carried out as follows: A search was made among the 
central ends of the dorsal rootlets for one that contained a single-fibre 
response coming from a stretch receptorin M. peroneuslongus. Whensuch 
a rootlet had been found we dissected out the nerve to this muscle and 
cut it. The response to the stretch of this muscle ceased in the dorsal 
rootlet. The severed nerve was then stimulated electrically through elec- 
trodes placed on its central end. A series of impulses again appeared in 
the dorsal rootlet and were presumably carried by the fibre which a few 
minutes before had carried the proprioceptor response. Only one fibre 
from this peripheral nerve appeared to emerge from the cord by the 
rootlet under observation, for the response was “all or nothing”. How- 
ever gradually the stimulus strength was increased, the response appeared 
suddenly full sized and did not increase with further increase of stimulus 
strength. Rhythmic stimulation at any rate up to 400 per sec. resulted in 
a rhythmic discharge of impulses in the dorsal rootlet at the same fre- 
quency. This discharge, however, was periodically blocked, just as the 
nerve-ending response had been blocked when traversing the same path- 
way. The blocking appeared to be independent of the frequency of the 
incoming impulses over the range 10-400 per sec. 

Kach impulse followed the escape of the stimulus after a delay which 
appeared invariable (see Fig. 8A). Most if not all of this delay can be 
ascribed to conduction time. The distance between the stimulating and 
recording electrodes was approximately 25 cm. If all of the interval 
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_ between the escape of the stimulus and the impulse were due to conduction 


time the actual rate of conduction was 87 m. per sec. Delay, if it did 
occur, must have been less than 0-75 msec., or the conduction rate would 
have to be impossibly high (above 120 m. per sec.). 

We next reversed the positions of the recording and the stimulating 
electrodes. As there was only a single nerve fibre common to the nerves on 
the two sets of electrodes, we were in this way able to observe how this 
single fibre conducted in the opposite direction. Conduction in the reverse 
direction was identical with that in the normal direction. The inter- 
mittence occurred in just the same way. Thus there is no evidence of any 


Fig. 8. A, impulses in a single fibre leaving the spinal cord evoked by electrical stimulation 
of a branch of the peroneal nerve. For details see text. Line represents 1/10 sec. The 
small notches continuing throughout the record are due to the escape of the stimulus. 
B, impulses recorded from the branch of the peroneal nerve evoked by stimulation of 
the central end of the rootlet from which A was recorded. Line represents 1/10 sec. 


unidirectional properties in this pathway, nor is the intermittence de- 
pendent upon the direction in which the impulses are travelling. The 
conduction in the reverse direction is illustrated in Fig.8B. We have often 
observed that the intermittence in any fibre may vary somewhat from 
moment to moment, though it is often constant over long periods in an 
undisturbed preparation. This is, indeed, to be expected from the many 
and diverse factors by which it is influenced. 

Inasmuch as these recurrent fibres were components of the dorsal | 
columns we proceeded to determine whether or not this intermittent 
conduction was a property of many fibres in these tracts. We first ex- 
amined conduction in the reverse direction by applying electrodes to the 
dorsal columns and stimulating them electrically. (The spinal cord was 
transected just above the electrodes, and all of the anterior roots below 
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the section were cut to obviate movement. In a few experiments curare 
and artificial respiration were used to eliminate the labour of the root 
sectioning. The recording was then on cutaneous nerves.) The recording 
electrodes were placed on a convenient peripheral nerve, ¢.g. the nerve to 
the M. peroneus longus, which was then cut down until only a single 
fibre appeared to be active. The outcoming stream of impulses was inter- 


Fig. 9. Impulses in peripheral nerves evoked by rhythmic stimulation of the dorsal 
columns. A and B, discharges recorded from a cutaneous branch of the anterior tibial 
of the cat. In A the discharges of the three active fibres are not interrupted simul- 
taneously. In B the impulses in a single active fibre are recorded. Time marker 
1/10 sec. intervals. C, the discharge of a single active fibre recorded from a nerve 
supplying the muscles of the middle toe of the hindfoot of the frog. Line represents 
1/10 sec. The escape of the stimulus can be clearly recognized preceding each impulse. 


mittent. In Fig. 9A and B are shown records obtained in such an experi- 
ment. In one record there are three active fibres, in the second only one. 
The first record illustrates that intermittence is not clearly visible in a 
discharge where several fibres are active, and the only visible effect of 
increased intermittence in the discharges is a reduction in the total 
massiveness of the discharge. 

These experiments have also been carried out on the frog (Fig. 9C). 
The stimulating electrodes were usually placed just posterior to the 
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medulla. The frogs were decerebrated and either curarized or the anterior 
roots cut and the recording electrodes placed upon a cutaneous nerve or 
after anterior root section upon a muscular nerve twig. The discharges of 
the dorsal column fibres are intermittent just as are those in the cat. 

These experiments seemed to demonstrate that intermittence was also 
a property of the other fibres in the dorsal columns when impulses 
descend these fibres. Our next step was to see whether or not we could 
find evidence of intermittence in the normal sensory discharges that are 
conducted up the posterior columns. 

If a fine enamelled silver-wire electrode (30 diam. 48 s.w.a.) with 
only the tip bare is placed in the posterior columns and an earthed 
electrode (Ag-AgCl-Ringer thread) placed near it, the electrical changes 


‘hes 10. Record taken from a silver wire in the posterior columns. 


give evidence of the activity of the fibres near the silver wire. This is 

illustrated in Fig. 10. However, the record shows the electrode to be 

influenced by a great may fibres, and the a is so complex as to 
defy analysis. 

We first attempted to ‘reduce the number of active bess by cutting 
most of the posterior roots. The method failed, however, as it rendered 
most of the columns electrically inactive, but the part still conducting 
presented the same multifibre activity. In the next attempt we cut about 
90 p.c. of all the dorsal rootlets but left surviving rootlets scattered along 
up and down the cord in the hope that the fibres from these rootlets 
would be distributed at random through the columns and so leave a few 
active fibres scattered all over them. This procedure was quite successful, 
for when the dorsal columns were explored with the silver wire it was 
possible to find simple rhythmic discharges, apparently those of single 
fibres. When discharges in several fibres affected the electrode, clear multi- 
fibre discharges were recorded. By manipulation of the silver wire it is 
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fairly easy to bring it near an active fibre, the approach being guided by 
the increasing level of response in the loud-speaker. In this way we have 
been able to record the discharges passing up the posterior columns in a 
large number of preparations in the cat and in the frog. Leading off from 
- the posterior columns in this way we have been able to determine some of 


Fig. 11. Single-fibre discharges recorded from the posterior columns. A, cat. Response to 
stretch of M. peroneus longus. B, cat. Response to a puff of air on hairs. Line 


represents 1/10 sec. C, frog. Response to stretch of M. iliofibularis. D, frog. Response 
to touch on skin at the knee. Time marker 1/10 sec. 


the types of sensory discharges which are conducted in them. In the cat we 
have found discharges to occur in response to joint movements, tension on 
muscles and also from the movement of hairs; in the frog impulses from 
receptors in muscles and touch receptors in the skin. Typical records of 
these discharges are shown in Fig. 11. These discharges are exactly like 
similar single-fibre sensory discharges recorded peripherally, but the 
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prolonged discharges show the intermittent phenomenon in the same 
way as the antidromic sensory discharges of the dorsal rootlets and the 
discharges descending the dorsal columns evoked by electrical stimulation. 
By this same technique we have led from the fibres of the direct spino- 
cerebellar tract. These discharges, though of a much lower maximum > 
frequency, often exhibit the phenomenon of intermittence when recorded 
on their way forward to the cerebellum. These relayed discharges can 
usually be increased in frequency by mechanical stimulation of some area 
in the periphery and appear to discharge over the same range of fre- 
quencies as do motor neurones. The frequency increased by stimulation 
of a given region of one limb can often be decreased by stimulation of the 
same region of the opposite limb. The frequency of the discharge of some ~ 
fibres is increased by stimulation of the ipsilateral leg and decreased again 
by simultaneous stimulation of the contralateral leg. In other fibres the 
same stimuli produce the opposite effects. 


FACTORS WHICH MODIFY OR REGULATE INTERMITTENCE. 


The phenomenon of intermittence occurs, therefore, in both the re- 
layed and direct fibre tracts of the central nervous system of both the 
frog and the cat. In an attempt to analyse the mechanism of this periodic 
blockage we sought to determine what factors influenced the periodicity 
of the blockage and its release. Early in our experiments we observed 
that when our decerebrate preparations had good muscular tone the 
antidromic sensory discharges were more completely blocked than when 
their limbs were flaccid. This suggested that the presence of the block 
was in some way dependent upon the state of activity within the spinal 
cord. This was supported by the fact that deep anesthesia reduced the 
amount of intermittence in any single fibre. The antidromic discharges 
became more continuous as the anesthesia deepened and often became 
more intermittent as the animal became more lively. To reduce the 
activity in the spinal cord, we cut all the dorsal roots on the contralateral 
side. The effect, though not always of the same degree, was to reduce the 
length of the blocked periods and increase the periods of conduction. This 
effect was even more marked when some of the ipsilateral dorsal roots 
were sectioned and the cord transected at about the level of L1. The dis- 
charges from a receptor often then came through almost continuously. 
Conversely, with all the dorsal roots intact, electrical stimulation of a 
mixed nerve usually increased the amount of blockage in any single fibre. 

The temperature of the spinal cord itself seems to be associated 
with the amount of intermittence observed. If the temperature of the 


rn 
4 
+, 
¢ 
a 
? 
q 
4 
4 


92 H. BARRON AND B. H.C. MATTHEWS. 


preparation fell during the course of an experiment the discharges always 
became more continuous, and when the animal was warmed again the 
blockage of conduction returned. This warming and cooling effect was not 
due to the general state of the animal but to a very superficial warming 
and cooling on the surface of the cord. Often a single drop of cold Ringer 
would suffice to release the block when applied to a particular point on 
the columns between the entrant and emergent fibres. A second drop of 
warm Ringer on the same spot would re-establish the block immediately. 
This effect was not due to the Ringer alone, for the same block could be 
re-established by shining a small spot of light on to the cord at the same 
point. This method of controlling the intermittence has often enabled us 
to make an intermittent discharge continuous and then intermittent 
again or to block it completely. The experiments also demonstrate that 
the block is produced at one quite distinct point which can be easily 
located, and form a most direct proof of the fact that the block is pro- 
duced within the central nervous system. But how the warming and 
cooling actually effects the blocking mechanism is not yet clear. 

In searching for more direct natural control of the blockage we have 
often employed the technique of stimulating the posterior columns and 
leading off from a peripheral nerve the discharges which descend the 
columns to the periphery. The anterior roots are cut and the cord tran- 
sected above the stimulating electrodes. By using a small silver ball on 
the columns as the stimulating electrode and leading off from a small 
muscular nerve it is often possible to get a single-fibre response in the 
peripheral twig without cutting down the nerve. This method has the 
advantage that a number of fibres may be studied without any more 
change than a slight shift of the stimulating electrode. The constant 


stream of impulses from the electrical stimulation also obviates the 


search for a conveniently placed slow-adapting end organ in the periphery. 
We have used this method on both the cat and the frog. Employing this 
method on a cat we found that we could control the appearance of the 
block in conduction at will. At the outset the impulses set up in the cord 
by the electrical stimulus came through to the electrodes in a continuous 
stream. While stimulating the contralateral leg in various ways we dis- 
covered that mechanical stimulation of some fairly localized region could 
block the discharge completely while it was applied (see Fig. 12). In 
this case pinching the toes blocked the discharge, and it appeared again 
as soon as the toes were released. This stimulus sufficed to block the dis- 
charge quite independently of the frequency of the impulses running in 
the fibre at a time when it is in action. In a similar preparation to the 
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one described above we applied pressure to the contralateral] hindfoot. 
While this pressure was being applied, we began the stimulation of the 
posterior columns, but no impulses appeared at the recording electrodes 
until the pressure was removed. It appeared, therefore, that the block 
was in operation on the fibre before the impulses were conducted all the 
way through it. Similar results were obtained in several experiments. 
Parallel results were obtained when the impulses were led from the 
dorsal columns with a silver-wire electrode. For instance, in one such 
experiment while recording impulses originating in a muscle spindle of 
the flexors of the toes of the left hindfoot, we were able to start and stop 


Fig. 12. ie evoked by rhythmic stimulation of the posterior of a cat at L.1, recorded 
from a cutaneous branch of the anterior tibial nerve. The white line signals pinching 
of the toes of the contralateral hindfoot in A and their release in B. The escape of the — 
stimulus continuing throughout can be clearly distinguished from the action potentials. 
Time marker 1/10 sec. 3 


the discharge reaching the electrode in the columns by flexing the toes 
of the right hindfoot. The block continued as long as the contralateral 
toes were flexed and disappeared when they were released. Hence by 
stimulation of the toes of the hindfoot we were able to prevent impulses 
from symmetrical receptors in the other foot from going up the cord as far 
as the electrodes. 

We have also carried out many experiments of this type on frogs. The 
stimulating electrode was usually placed just behind the medulla and the 
leads on the cut central end of one of the tiny nerves to a toe muscle 
(anterior roots cut). We have found it possible to block discharges running 
from high up in the dorsal columns to the toes by stimulation of the 
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fore- as well as the hindlegs. One experiment is particularly worthy of 
mention: In this preparation all the fibres in the nerve from which we were 
leading were apparently blocked centrally, for no impulses appeared in 
them to rhythmic stimulation of the posterior columns. The block on one 
of these fibres could be momentarily released by light pressure on the 
opposite flank. The release did not continue as long as the stimulus, but 


0 i 4 4 


Time in seconds 


Fig. 13. Graph of the intermittent response of a stretch receptor in the gastrocnemius of the 
cat recorded from the central portion of a cut dorsal rootlet. The breaks in the line 
indicate the intermittence of the response. A load 69 g.; B load 34g. The arrows 
indicate the points at which recording was suspended. 


each time the stimulus was repeated a burst of impulses appeared to 
pass the blocked area. Hence it seems that peripheral stimulation may 
either produce the blockage or release it once it has been established. 

As mentioned above, the impulses in the fibre under examination do 
not appear to be essential to the production of the block. They do, how- 
ever, modify its behaviour in a manner not yet clear. The way this 
modification occurs is best shown by concrete examples. In Fig. 13 are 
shown graphs of the responses coming out of a posterior rootlet from a 
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Fig. 14. Graph to show intermittence of the response to steady electrical stimulation in the 
cat at two different rates. Stimulating electrodes were on the cut central portion of a 
dorsal rootlet, the recording electrodes were on a branch of the N. peroneus as for 


Time in seconds 


Fig. 15. Graph of the response to stretch of the M. iliofibularis in a frog recorded from the 


central portion of a cut dorsal rootlet. 


‘ 
reg 
= 4 
: we 
— 
q 
2 
0 q 
ig. 8B 
e 
« 
3 
4 
| 
ag a 
a 


ee D. H. BARRON AND B. H.C. MATTHEWS. 


single stretch receptor when various loads were hung on the tendon of the 
muscle containing it. Fig. 14 is a similar graph of the response to steady 
electrical stimulation in a different experiment. A graph of the response 
of a stretch receptor in a decerebrated frog is illustrated in Fig. 15. The 
muscle was under steady tension and the response was recorded from the 
central end of a posterior root. 

In each case it will be seen that the intermittence does not appear until 
the impulse discharge has been in progress for a short time. That the 
appearance of the intermittence is not due to the failing frequency 
allowing the blocking influence to take effect, is proved by the electrical 
stimulation case where the frequency does not fall and by a comparison 


Fig. 16. Response from a stretch receptor in M. iliofibularis of frog. A, first application of 
tension. B, second ‘spplication of tension about | sec. after previous release. Time 
marker 1/10 secs. 


of the graphs of responses to different loads where the blockage does not 
occur at any special frequency. The discharge in these cases is initially 
able to get through, but later is partially obliterated by the blocking 
influence. If the discharge in the fibre is stopped and restarted again by 
unloading and reloading the muscle, intermittence sets in earlier in the 
second discharge than in the first unless an interval of rest is allowed to 
intervene. This is illustrated in Fig. 16. However, once the intermittence 
has commenced, though the load on the muscle be increased or decreased, 
the intermittence continues unless the frequency falls below about eight 
impulses per second when the discharge sometimes comes through 
continuously. Moreover, when the intermittence is effective, rhythmic 
stretch of the muscle sometimes produces a burst of impulses and some- 
times does not, this apparently depending on whether or not the period of 
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stretching corresponds to the rhythmic release of the block centrally. 
This indicates that this rhythmic release and blocking are going on cen- 
trally independently of the stretch of the muscle. Thus it is clear that 
though the intermittent blockage is by no means determined solely by the 
impulses in the fibre which is blocked, yet these are in some small degree 
contributing to produce the intermittence. Thus the start of a discharge 
often comes through and the latter part of it may be partly or wholly 
blocked. That the discharge in a single fibre is less blocked initially is 


_ perhaps to be expected, for the experiments above indicate that the state 


of the grey matter of the cord is in some way related to the blockage. The 
discharge in this single fibre may be altering the state of the grey matter 
and so is perhaps contributing to the formation of its own blockage. 


Discussion. 


These experiments definitely suggest that the phenomena which 
produce and remove the block in these single-fibre paths are similar to 
those which produce excitation and inhibition in the spinal cord. In fact 
each sensory discharge into the spinal cord would appear to inhibit con- 
duction in some fibres and remove the blockage in others, just as it ex- 
cites some motor neurones and inhibits others. Since such phenomena, 
however, have always been associated with the synapse, some other 
mechanism must be involved here, for these fibres are continuous. __ 


POSSIBLE MECHANISMS PRODUCING INTERMITTENCE. 


We have tested several hypotheses of the cause of the intermittent 
block in central fibres, but only two of them appear to merit further 
consideration. These are: (a) that the fibres in the central nervous system, 
owing totheir lack of neurilemma, might be able to influence neighbouring 
fibres, and that the activity of one fibre might produce an electrotonic 
block of some sort in those fibres around it; (b) that the electrical changes 
in the grey matter of the spinal cord might influence the termination of the 
fibres in such a way that blockage of the main fibre occurred. These two 
possibilities involve the two structural differences between fibres in the 
central nervous system and peripheral fibres, 7.c. (1) the absence of a 
neurilemma, and (2) the possession of collaterals. 

On closer examination the hypothesis (a) does not seem to fit the facts 
very well. It was suggested chiefly by the fact that the potentials re- 
corded by a wire in the dorsal columns, apparently coming from a single 
fibre, are larger than those recorded by the same method from a single 
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fibre in a peripheral nerve trunk.. Our argument was that if these fibres 
produced bigger potentials about themselves than do peripheral fibres 
they might be able to influence each other in ways which peripheral 
fibres could not. However, blockage in a single fibre appears to be 
connected with events that influence the activity of the grey matter 
rather than what is occurring in neighbouring fibres. For example, in the 


_ experiments cited above in which the posterior columns were stimulated — 


thythmically, the fibres adjacent to the one under observation will of 
necessity have been simultaneously active. Nevertheless, the blockage 
did not appear to be any different from that observed when the inter- 
mittence was studied in an emergent sensory fibre in the posterior roots. 
In the latter case the fibres surrounding the one which is conducting 
intermittently will certainly not all be in synchronous action with it. But 
more definite distinction between the soundness of the two hypotheses is 
provided by a consideration of the diverse factors that alter the blockage, 
e.g. stimulation of the opposite limb, movements of the head, and re- 
section of the contralateral posterior roots. It is difficult to see how any 
of these procedures could alter the sensory input into the fibres around 
the one under consideration, but any one of them should certainly 
lead to great changes in the pattern of the excitatory states in the grey 
matter. In fact all of the phenomena which influence the blockage are 
such as might be expected to produce changes in the state of the grey 
matter, and so there are ample reasons for working on the latter 
hypothesis. 

If hypothesis (6) were correct, the blockage of the main fibre would be 


brought about by means of its collaterals extending into the grey matter. 


That this may be the case is supported by the following experiments: 
While leading off from a “recurrent fibre”, an intermittent discharge 
originating in a stretch receptor in the foot, we cut the dorsal columns 
away from the cord by passing a bit of razor blade underneath thém. 
Though conduction did not continue long following the cutting, the rhyth- 
mic intermittence of the discharge from the receptor in the foot vanished 
and the impulses came through continuously for a short time. Similar 
experiments were carried out during electrical stimulation of the posterior 
columns with the recording electrodes on a peripheral nerve. By warming 
and cooling the cord over its surface we located the area at which the 
blockage was being produced in the particular fibre under examination. 
The discharge in the peripheral nerve was intermittent, but became 
immediately continuous after a cataract knife had been thrust through 
the cord beneath the point at which the blockage occurred. These 
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experiments support the hypothesis that the collaterals of the fibre 
tracts are concerned with the blockage, though possibly the removal of 
blockage by undercutting might be due in some way to the damage 
rather than severance of collaterals. 

Let us therefore examine the hypothesis (b) to see what assumptions 
are necessary for it to fit the facts. The diagram (Fig. 17) shows the 
anatomical structure of the fibres of the dorsal columns. If the state of 
the grey matter at A blocks conduction at point B it might do it either 
by nerve impulses passing from A to B or by some sort of electrotonic 
block extending from A up to B. 


‘Ascending posterior columns 
Intermittent series of impulses 


electrotonic block at B 


for intermittent conduction. 


If we were to assume that blockage was brought about by impulses 
travelling up to the crotch at B and blocking by some mechanism anala- 
gous to Wedensky inhibition, we should then have to explain how im- 
pulses coming up CB can be annihilated by impulses coming up AB with- 
out a single impulse being set up in BD, for we have shown that the block 
may be established in the absence of impulses in DB. On the other hand, 
the assumption of an electrotonic block appears to fit all the facts very 
well and fits in with the known behaviour of nervous tissues. We thus 
imagine the termination of the collateral to be situated in a region where 
there is a potential gradient and that this gradient produces an electro- 
tonic state in AB which results in the fibre at B being unable to conduct 
impulses. If the potentials at A fluctuate, the block at B will fluctuate, but 
if impulses are able to pass CBD at all they will of course appear full sized 
at D. On close examination it will seem that this‘ hypothesis does not 
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require the fibre to possess any properties not already well known to be. 


possessed by nervous elements in other situations. 

Firstly, that potential gradients exist in grey matter in many parts of 
the central nervous system is amply proved. In fact the most characteristic 
events in grey matter are perhaps the electrical changes which occur 
in it, in the cortex [Fischer, 1932; Kornmiiller, 1933; Adrian and 
Matthews, 1934a, 6], in the spinal cord [Gasser and Graham, 1933], 
and in isolated ganglion systems [Adrian, 1931]. The potential changes 
in grey matter often fluctuate rhythmically ; the intermittent blockage of 
conduction occurs rhythmically, with a rhythm not determined by its 
own impulse frequency. Thus, on the above view, pulsations in the grey 
matter produce a pulsating electrotonic block at B, resulting in the sharp 


cut off of the impulses arriving at D, which is observed, and the equally 


sharp restarting as the block dies away. Any factor which affects the 
state of the grey matter may alter the electrical pulsation at A and so 
modify the blockage of the path CBD. Electrotonic block can certainly 
spread a considerable distance in a peripheral nerve fibre [Pfliiger, 
1859], much further than the distance between the blocked fibre and the 
grey matter 4B above, and electrotonus can appear and disappear very 
rapidly at points some distance from the potential gradient evoking it 
[Bogue and Rosenberg, 1934]. These facts taken together suggest that 
the hypothesis is worth further investigation. 


We have presented evidence that a large number of the fibres of the . 
dorsal column have at least two branches which connect them with the — 


periphery. One of these fibres is the normal incoming sensory fibre with a 
cell body in the ganglion serving as the nutrient centre of the dorsal 


column extension and of the second “recurrent fibre”. The sense organ — 


which may be associated with one fibre we have shown to be concerned 
with proprioceptors or the endings about hairs. Regarding the function 
of the “second fibre” our evidence is not yet conclusive. We are inclined 
from the evidence to the view that it functions as a second sensory fibre 
and is attached in the periphery to a proprioceptor or the endings asso- 
ciated with hairs. If this is true, the impulses emerging by these “re- 
current fibres” would produce no peripheral motor effects. There, would 
be, however, two sensory receptors in the periphery possessing a common 
process within the central nervous system. The blockable part in the 
intracordal portion of the continuous fibre between the two peripheral 
processes might enable each of them to behave as a physiologically 
independent nerve fibre quite as if they possessed anatomical unity. 
Under some conditions, however, the central block is released so that the 
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sensory discharges of one end organ are carried out toward the periphery 
over the second fibre. One cell body in the spinal ganglion may serve as a 
nutrient centre for two or perhaps even more peripheral extensions. 
Obviously with the intracordal portion of the fibre between the two 
peripheral processes blocked, only the discharges from the more cephalad 
one could be transmitted tothe terminal nucleus. With the block removed, 


however, discharges from either one might be carried upward. In any case 


only a small portion of the sensory messages entering the spinal cord are 
carried upward, and most of the sensory impulses entering the cord would 
appear to be used in integration within the segments where they enter the 
spinal cord. While the intracordal portion of this fibre is blocked so that 
no impulses from the lower process of the fibre can be transmitted right up 
the cord, these impulses will still be entering the cord and presumably 
producing local effects near the segment where they enter. 

This functional separation of the two peripheral processes of a 
dorsal column fibre seems, however, to be only a special manifestation of 
the intermittence. The phenomenon appears to be more definitely a 
manifestation of a mechanism whereby the grey matter is able to in- 
fluence the discharges passing by it in the long conducting pathways of 
the spinal cord. The grey matter appears to be able to block completely 


or intermittently the discharges in some of the dorsal column fibres which 


pass over it. A similar effect upon the discharges of the relayed tracts 
also appears to be possible, for we have observed an intermittence 


in the impulse discharges of the fibres of the spino-cerebellar tract. 


Whether or not a similar intermittent effect is produced by the grey 
matter on impulse discharges in the descending tracts of the spinal cord _ 
we have no evidence as yet. By means of this intermittence the state of 

the activity of the grey matter as well as the sensory discharge from the 
periphery may be signalled to the higher centres. The intermittent dis- 
charge depends for its frequency on the intensity of the stimulus to the 
peripheral sense organ, while its interruption depends upon factors 


influencing the grey matter. Hence such an intermittent stream of 


impulse signals upward not only information of the stimulus but also 
the state of the grey matter in some region. So whatever the mechanism of 
intermittence may be, it seems clear that this inhibition of conduction in 
a@ continuous fibre must be a possible mechanism of nervous integration 
within the central nervous system which does not involve a synapse. The 
discharges propagated upward in the posterior columns are integrated by 
this mechanism in so far as the total discharge, ascending any single fibre, 
depends not only on the activities of the receptor in which it originated, 
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but also on the other discharges entering the central nervous system, and 
hence are already in the process of transformation from a simple sensory 


discharge into a sensation. 


SuMMARY. 


1. Impulses have been recorded in the dorsal roots of the spinal cord 
in both the cat and the frog. 

2. In many fibres discharges of impulses leave the cord by the dorsal 
roots. The majority are antidromic discharges from sensory receptors 
that have entered the cord elsewhere. A few appear to originate in intra- 
spinal neurones. 

3. The antidromic discharges are conducted beyond the ganglion to 
the periphery in muscular and cutaneous nerves, 

4. The fibres carrying these discharges appear to be collaterals of 
dorsal column fibres, and it is suggested that they terminate in sensory 
nerve endings. 

5. These antidromic discharges may be periodically interrupted at 
some point in their course through the spinal cord, The term “inter- 


of impulses, 

6. The pathway in which the intermittence occurs has an absolute 
refractory period not appreciably longer than that of a nerve fibre, and 
conduction occurs in either direction with no delay beyond conduction 
time. The pathway does not appear to be interrupted by a synapse. 

7. The impulses set up by rhythmic electrical stimulation of the dorsal 
columns are conducted intermittently to the periphery. 

8. A method of observing discharges in single fibres of the posterior 
columns and the spino-cerebellar tract is described. 

9. Discharges transmitted from receptors in the periphery up the 
dorsal columns are frequently intermittent. The frequency of the dis- 
charge in the relayed fibres of the spino-cerebellar tract is rarely above 
70 per sec, and is often increased by stimulation of one limb and decreased 
by simultaneous stimulation of the opposite limb. These — are 
often intermittent. 

10. Intermittence appears to be associated with states of excitation in 
the grey matter. Localized superficial cooling of the cord reduces inter- 
mittence in the cat. 

11. Intermittent blockage of conduction i in a single fibre can often be 
produced or released by peripheral stimulation, 


mittence’’ has been given to this interruption of a continuous discharge 
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12. A possible mechanism of intermittence is discussed. It is suggested 
that the phenomenon may be associated with the presence of collaterals 
which, extending into the grey matter, block the fibre by electrotonus 
resulting from the potentials in the grey matter. 

13. Intermittence appears to be a manifestation of an integrating 
mechanism that takes effect without the intervention of a synapse. 


It is a pleasure to record our indebtedness to Prof. Adrian for his interest and construc- 
tive criticism, and for granting facilities to one of us (D. H. B.) to work in his laboratory. 

The expenses of this research were in part defrayed by a grant to one of us (B. H. C. M.) 
from the Government Grants Committee of the Royal Society. 
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“RECURRENT FIBRES” OF THE DORSAL ROOTS. 


By DONALD H. BARRON! anp 
BRYAN H. C, MATTHEWS. 


(From the Physiological Laboratory, Cambridge.) 
| (Received May 28, 1935.) 


In previous work [Matthews, 1934; Barron and Matthews, 1935] 
we have shown that impulses may leave the spinal cord by the dorsal 
roots and that the fibres carrying these impulses may be physiologically 
classed into three groups. This paper is the report of experiments done to 
determine whether or not such fibres could be demonstrated histologically. 
On the basis of our physiological experiments we postulated that the . 
majority of these centrifugally conducting fibres were collaterals of dorsal 
column fibres which extend peripherally instead of descending into the 
grey matter of the spinal cord. 

The literature of degeneration experiments (for a review on the litera- 
ture see Hinsey [1934]) contains many reports of undegenerated fibres in 
the central stumps of the roots; some observers have found many, others 
very few. If our postulate regarding the course of these fibres is correct, 
these discrepancies are accounted for by the different total extent of the 
root resection in the different observers’ experiments, and the position of 
the central stumps relative to the denervation. Many of the fibres that 
leave the cord appear to have entered by other rootlets up and down the 
cord and have their cell station in the posterior root ganglion; hence the 
greater the extent of root resection the more fibres leaving by this rootlet 
will have been cut as they enter the cord. Therefore the greater the 
extent of denervation, the smaller the number of surviving fibres. How; 
ever, if only a single rootlet were sectioned nearly all of the emerging fibres 
in it should survive (Fig. 1). This crucial experiment so far as we were 
aware had never been done. The reciprocal of this experiment consists in 
cutting all of the entering rootlets in a dorsal root except one. In this one 
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intact bundle most of the emerging fibres should have been severed from 
their cell bodies and degenerated fibres should, therefore, —_ in the 
tiny rootlet even though it had been untouched. 


A 


Fig. 1. Diagram to showthe origin of the emergent fibres. The rootlet A is shown containing 
four fibres that have entered the cord by other rootlets of the same root, one from an 
adjacent root and one from an intraspinal neurone. Section of all roots central to the 


ganglia would leave one fibre in A undegenerated, section of R alone would leave two, 
and section of A only would leave all six. ; 


METHODS. 


All of the observations have been made on the lumbo-sacral roots 
of cats. The spinal cord was exposed under chloroform and ether, and 
one rootlet on each side dissected free before being cut peripherally. 
In five cases a small portion of the rootlet was removed and fixed at once 
as a control to determine the original number of fibres in the twig 
sectioned. The central end of the rootlet was tied by either a silver wire 
or a black silk loop for identification. In one cat all of the components of 
the fifth, sixth and seventh posterior roots were sectioned except one 
small bundle in each root. These three bundles of fibres were left intact 
and untouched. In some cases the dura was not sutured, but the best 
results were obtained when it was closed with interrupted silk which 
prevented the resected rootlets from becoming involved in scar tissue. 

In all sixteen cats recovered from the operation. 

When these animals were later sacrificed some were diemeannel and 
the activity of the central ends of the degenerated rootlets was examined 
with an amplifying recording system and a loud-speaker. All of the root- 
lets and their controls were fixed in 1 p.c. osmic acid and sectioned in 


paraffin. 
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RESULTs. 


In the rootlets examined electrically impulses were found to be 
conducted toward the periphery just as in the normal controls examined 
in adjacent rootlets. Physiologically therefore the conducting pathways 
demonstrated in the intact roots were still present after the degeneration 
which followed peripheral section of the posterior rootlets. 

When examined histologically every one of the resected rootlets was 
found to contain large numbers of intact fibres. Their presence in the 
rootlets fixed thirty-two days after resection (Fig. 2) as well as in those 
removed only one week post-operatively (Fig. 4), coupled with their 
normal physiological activity, argues that they were not regenerated 
axons from the resected stump or the anterior root. The majority of these 
intact fibres were of a large diameter, but this might have been partly 
due to traumatic swelling. 

Unfortunately it did not occur to us until late in the series that an 
exact numerical estimate of the proportion of these fibres present could 
be made by taking a short piece of the rootlet during the first operation. 
The earlier cats of the series show many undegenerated fibres to be present, 
but do not show what fraction they form of those originally present. 


TaBix I. The surviving axons in the central ends of posterior rootlets 7-8 days 


after resection. 

Surviving Entering 

Cat axons Total axons P80 a 
5L 288 692 404 41 
Pie 445 321 28 
oR 158 (damaged) 9177 = 
6L 129 (damaged) 1 
Average 32 


We are indebted to Dr J. P. vans for his cooperation in, some of the operations 
upon which these studies are based. 


Table I lists the number of myelinated fibres in several posterior 
rootlets at the time of the operation and the number present in the same 
bundles seven to nine days after section. From these figures it was possible 
to arrive at an estimate of the percentage of these “recurrent fibres” in 
the dorsal rootlets. In the first three rootlets in the table an average of 
32 p.c. of the fibres originally present in them were normal eight days 
after the rootlets were sectioned. The degenerated nerves of cat 6, which 
contained larger bundles than any of the first three in the table, unfortu- 
nately became fragmented during preparation, and large parts of the 
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bundles were clearly missing in the sections obtained. Though many 
normal fibres were present in these sections, the comparative count of the 
portions of the bundles could not be compared with the complete controls 
and so cat 6 had to be omitted from the average. 

The considerable variation in the percentages of surviving fibres in 
the different bundles may in part be accounted for by the tendency of the 
“recurrent fibres’’ to be grouped together. This tendency is illustrated by 
Fig. 3, in which the surviving fibres are seen to be grouped in the right- 
hand bundle of the rootlet. Had this rootlet been divided into its two 
component bundles, one would have had a low and the other a high 
percentage of surviving fibres. 

These histological findings are in complete agreement with the schema 
suggested from the physiological experiments. They do not, however, 
demonstrate the location of the nutrient cell of these fibres, except that « 
cannot be peripheral to the point of section. 

The results of Hinsey [1934] and earlier workers who resected sont 
dorsal roots demonstrate that few if any of the fibres in the dorsal root 
have their cell station in the spinal cord. The cell station of these fibres 
must, therefore, be assumed to be in the spinal ganglion. The reciprocal 
of our first series of experiments directly confirms this assumption. All 
of the rootlets of the fourth, fifth, sixth, seventh lumbar and first sacral 
posterior roots were cut with the exception of a single rootlet in the fifth, 
sixth and seventh roots respectively. These intact rootlets contained 
many degenerated fibres nine days later when they were removed and 
fixed (Fig. 5). Clearly these degenerated fibres had been severed from 
their cell bodies in the spinal ganglion by resection of all of the neigh- 


-bouring dorsal rootlets. This is made clear by reference to Fig. 1. If all 
the rootlets but those marked a were severed, the five emergent fibres 


would all degenerate leaving only the normal entrant fibres — 
from the diagram) intact. 


DIscussION. 


All these histological results are therefore in complete agreement with 
the working model outlined from our physiological experiments. We are 


- quite aware that this histological evidence alone could not be taken as 


crucial, as we have not made teased preparations of any of these de- 
generated nerves. Further, it might be objected that geven days is not 
sufficient time for complete degeneration and that the presence of intact 
fibres thirty-two days after the operation might possibly be ascribed to 


regeneration of some sort. However, the two _— of evidence, histo- 
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logical and physiological, taken together seem to establish the nature of 
these recurrent fibres. | 

Joseph [1887], and Kahr and Sheehan [1933], have described de- 
generated axons in the peripheral nerve beyond the spinal ganglion after 
section of the posterior roots. The latter authors have also described 
degenerated axons in muscular nerves which they concluded to be fibres 
whose trophic centre was in the spinal cord. We have not found electrical 
evidence of the existence of many fibres of this type, nor can the efferent 
nature of such fibres be demonstrated histologically. It seems probable 
that the degenerated fibres previously described in the periphery are the 
collaterals of the dorsal columns that have been severed from the cell 
body by the dorsal root section. These collaterals do not appear to be 
related to the spinal parasympathetic system described by Ken Kuré 
[1931]. They appear to be true sensory fibres conducting impulses into the 
cord, and behaving in general as though they had a cell station in the 
spinal ganglion. 

SUMMARY. | 

Histological evidence has been presented which suggests that in the 
cat collaterals of the fibres of the posterior columns pass to the periphery 
through the spinal ganglion without a cell station. These collaterals 
constitute about 32 p.c. of the fibres in the lumbo-sacral roots. 
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EXPLANATION OF PLATE I. 
ie. 2. 
x1 


Fig. 3. A section through the central end of a dorsal rootlet after thirty days’ degeneration. 
The intact fibres are almost solely confined to one bundle. x 160. 


Fig. 4. A section from the central end of a dorsal rootlet after seven days’ degeneration. 
x 160. 


_ Fig. 5. A cross-section of an intact dorsal rootlet containing containing degenerating fibres eight days 
after all the remaining rootlets in the same dorsal root had been sectioned. x 80. 
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logical and physiological, taken together seem to establish the nature of 
these recurrent fibres. 

Joseph [1887], and Kahr and Sheehan [1933], have described de- 
generated axons in the peripheral nerve beyond the spinal ganglion after 
section of the posterior roots. The latter authors have also described 
degenerated axons in muscular nerves which they concluded to be fibres 
whose trophic centre was in the spinal cord. We have not found electrical 
evidence of the existence of many fibres of this type, nor can the efferent 
nature of such fibres be demonstrated histologically. It seems probable 
that the degenerated fibres previously described in the periphery are the 
collaterals of the dorsal columns that have been severed from the cell 
body by the dorsal root section. These collaterals do not appear to be 
related to the spinal parasympathetic system described by Ken Kuré 
[1931]. They appear to be true sensory fibres conducting impulses into the 
cord, and behaving in general as though they had a cell station in the 
spinal ganglion. | | 

SUMMARY, 

Histological evidence has been presented which suggests that in the 
cat collaterals of the fibres of the posterior columns pass to the periphery 
through the spinal ganglion without a cell station. These collaterals 
constitute about 32 p.c. of the fibres in the lumbo-sacral roots. 
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EXPLANATION OF PLATE |. 
: Fig. 2. Cross-section of the contral end of » dorsal rootlet thirty-two days after section. 
x le 


Fig. 3. A section through the central end of a dorsal rootlet after thirty days’ degeneration. 
The intact fibres are almost solely confined to one bundle. x 160. 


Mig: 4. & section from the central end of dorsal rootlet after seven days’ degeneration. 
x . 


Fig. 5. A cross-section of an intact dorsal rootlet containing degenerating fibres eight da 
ys 
after all the remaining rootlets in the same dorsal root had been sectioned. x 80. 
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THE INFLUENCE OF CALCIUM ON: 
INTESTINAL ABSORPTION. 


By E. JEAN McDOUGALL. 
_ (From the Physvological Laboratory of the University of Basel.) 
(Recewwed June 3, 1935.) 


It has long been known that calcium decreases the permeability of cell 
membranes and capillary walls. It was therefore of interest to study the 
influence of calcium on the permeability of the intestine. 


Magee and Sen [1931] showed that the selective permeability of the surviving intestine 
for glucose requires the presence of calcium ions in the bathing fluid. When the segments 
were immersed in Ca-free Tyrode, glucose passed out more slowly than xylose; whereas in 
the presence of calcium, glucose passed out more quickly than xylose. 

In 1982 Magee and Sen made experiments on living animals also, and showed that the 
rate of absorption of glucose was subnormal in rats whose blood calcium had been artifi- 
cially reduced by parathyroidectomy. Furthermore, they found that the addition of 
calcium to the glucose solution fed caused animals with low blood calcium to absorb at the 
normal rate. These results strengthened the view these authors put forward that a certain 
compentention of calcium is necessary for glucose to be absorbed at the normal rate. ‘They 
also found that, although 0-32 p.c. CaCl, stimulated absorption in parathy 
rats, the same concentration depressed absorption in normal rats; while 0-02 p.c. CaCl, on 
the other hand increased the rate of absorption in normal rats. They also conducted some 
experiments on rabbits, and found that the serum calcium could be reduced by 2-4 mg./ 
100 ¢.c. either by parathyroidectomy or feeding on a diet deficient in calcium for 6 weeks. 
They injected 13-5 p.c. glucose directly into the ligated small intestine, and found that there 
was no constant difference between the rates of absorption in the animals with normal or 
with low blood calcium. 

Further experiments on the influence of calcium on intestinal absorption were made by 
Gellhorn and Sku pa [1933] who perfused a frog’s intestine with 3-15 p.c. glucose, and the 
intestinal blood vessels with Ringer solution, keeping the perfusion rate constant. They 
varied the composition of the Ringer solution, and found that the absorption of glucose 
was more rapid when KCl and CaCl, were absent than when they were present in the 
Ringer solution. The addition of 0-0075 p.c. KCl to K-free Ringer solution increased the 
rate of absorption, while the addition of 0-001 p.c. CaCl, to Ca-free Ringer caused a strong 
decrease. Both these effects were reversible, but the decrease caused by 0-02 p.c. CaCl, 
seemed to be irreversible. They noted that these changes were not due to contraction or 


‘dilatation of the capillaries, since the pressure necessary to keep the perfusion rate constant 


remained unaltered throughout the experiment. They therefore concluded that potassium 


va 
te 
| 
3 
x 
j 
ig 
> 
, 
& 


110 E. J. McDOUGALL. 


increases and calcium decreases the permeability of frog’s intestine for glucose, a deduction 
which is contrary to the result obtained by Magee and Sen. . 

Nonnenbruch, Mahler and Weiser [1933] have reported that calcium prevents the — 
dilatation of the capillaries of the villi of the rat in response to irritants. 

If calcium decreases cell permeability and vaso-dilatation in the intestine, one would 
expect it to decrease absorption. However, Rabinovitch [1927] found, in experiments 
with fistulm in the small intestine of dogs, that 0-024 p.c. CaCl, “considerably accelerated” 
absorption of NaCl and water. 


The discrepancy in these results made it desirable to carry out new 
experiments with the object of comparing the rates of absorption of 
sugars in rats with low and normal blood calcium levels. , 

It was decided to decrease the blood calcium by feeding, not by extir- 
pation of the parathyroids together with the thyroids (as in the above- 
cited experiments), and to study the absorption both of sugars which are 
known to be absorbed by a selective process (glucose), and of those which 
are absorbed by diffusion only (xylose and sorbose). The influence of 
calcium was therefore tested both on the synthetic process (probably a 
phosphorylation) and on the pure diffusion process. | 

Since calcium may have a general influence on the permeability of the 
intestine, it seemed of interest to determine also whether during the 
absorption of these sugar solutions the movement of water, and the diffu- 
sion of chloride into the intestinal lumen, were changed in the rats with 
low serum calcium. 


METHODS. 


To decrease the serum calcium of rats, use was made of the diet recently described by 
Lengyel [1934] which causes the serum calcium of rats to fall to 5-6 mg./100 c.c. in 
9 months. | 

A number of young albino rats were given this diet after weaning, and a control group 
of the same age was kept on full stock diet. At the age of 11 months the rats on the deficient 
diet were considerably smaller than the control rats—180-290 g. compared with 230-360 g. 
in the control group. In appearance they could be distinguished from the control rats by 

_ the poorer quality of the hair, and often by sores on the feet. Réntgenographs at this age 
showed that these rats were suffering from a definite osteoporosis, which was not apparent 
in Réntgenographs taken 2 months earlier. The serum calcium was found to be from 5-4— 
6-0 mg./100 c.c., while the levels in the controls were 9-1-10 mg./100 c.c. The inorganic 
serum phosphate was correspondingly high: 9-55 mg./100c.c. compared with 6-81 mg./100c.c. 
in the control rats. The blood picture showed @ decrease in the white blood corpuscles: 
8-650-11-500 per c.mm. compared with 18-250-26-750 in the controls. 

The following technique was used. The rats were fasted for 20 hours, and anesthetized 
with a subcutaneous injection of 1-2 mg./g. urethane. The jejunum was washed out with 
warm tap water, which was gently pressed out between finger and thumb, and a 30cm. loop 
was measured and tied off. After 1 hour (for recovery from the operative shock), 3 0.c. of 
the sugar solution were injected with a syringe. After 1 hour the volume of the contents 
of the loop was measured in a cylinder, and a sample of 0-1 c.c. taken for estimation of the 
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concentration (by the Hagedorn-Jensen method). Then the contents of the loop were 
washed out, and the total sugar estimated by Bertrand’s method. 

The samples of blood for the serum calcium and phosphorus estimations were collected 
from the carotid artery, when the animals were killed at the end of the absorption period. 
As one rat did not provide enough blood for a single calcium estimation, it was necessary 
to pool the blood from pairs of rats in the same group. | 

The period of absorption in the experiments with xylose and sorbose was 60 min., and 
in the experiments with glucose only 30 min., since so much glucose is absorbed in 60 min. 
that the remainder could not be accurately estimated. 

After the sugar estimation, the total quantity of chloride was estimated (by titration with 
silver nitrate), and the concentration of chloride was calculated from the volume of water, 
which was measured volumetrically. Thirty-four rats were used in this series, and the 
absorption tests were always made on two rats with low serum calcium and two normal rats" 
at the same time and in exactly the same way. The normal rats are termed “Controls” in 
Tables I and Il. Those marked with the letter C were of the same age as the rats with low 
serum calcium, except for Nos. 11C and 12C in Table I, and 10C in Table II, which were 
younger rate chosen as controls for rats Nos. 13 and 14 and 11 and 12 respectively, since 
normal rats of the same age were much heavier than these. The controls Nos. 39 and 40 in 
Table I, and Nos. 104 and 105 in Table II, oe 


experiments. 


RESULTS. 


Absorption of glucose. 

Table I shows the results of absorption tests with 3 c.c. of 5:4 p.c. 
glucose (with and without the addition of calcium chloride) in rats with 
normal serum calcium ranging from 9 to 10 mg./100 c.c. and in rats with 
low serum calcium ranging from 5-4 to 6-2 mg./100 c.c. 

In series I, the four rats with low serum calcium absorbed as much 
glucose (average 120 mg.) as the five normal rats (average 114 mg.) in 
30 min. 

In series II, four rats with an average serum calcium level of 
6-2 mg./100 c.c. absorbed about the same amount of glucose (average 
137 mg.) as those of series I. These four rats were tested 1 year previously 
to those of the other series, but the diet and experimental technique 
were exactly similar. 

In series III, 5-4 p.c. glucose +0-04 p.c. CaCl, was injected into two 
rats with low serum calcium and two normal controls, and the absorption 
of glucose in both cases was about the same as in the normal rats in 
series I. 

In series IV, 5-4 p.c. glucose +0-56 p.c. CaCl, was injected, and again 
the absorption was not altered. 

Water absorption shows no constant difference between the normals 
and the rats with low serum calcium in series I. The quantity of chloride 
which diffused into the intestine was high in both cases. In series III and 
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Tasiz I. The influence of serum calcium on glucose absorption in rats. 


Serum > Water Glucose Chloride 
Rat weight Solution Ca absorbed absorbed found 
No. @ injected mg./100c.c. 6.¢. mg. p.c. 
Series I 1 180 of 5-4 p.c. 2-2 138 0-67 
3 190 min. 13 106 0-39 
4 230 58 16 108 (0.39 
Average 120 
2-3 133 0-61 
3C 230 9-3 bl 106 0-38 
39 «(177 0-53 
Average 114 
Series II 25 280 Do. 119 
| Average 137 
Series IIIT 13 216 of 5-4 p.c. | 
14 200 + 5-9 
p.c. CaCl, 
Controls 11C 196 Do 18 128 0-90 
120 180 } 19-0 13 106 0-54 
SeriesIV 9 220 30.0. of 5-4 p.c. 
p.c. 
Controls 70 260 Do. 0-1 84 0-70 
80 240 91 1-1 126 0-39 


IV, where calcium chloride was added to the glucose solution injected, 
the chloride concentration is sometimes much higher than in series I, 
and in some cases much less water is absorbed, but again no constant 
differences can be seen between the rats with low serum calcium and the 
normal rats. 
Therefore glucose absorption, and movements of water and chloride, 
seem to be the same in rats with low serum calcium as in normal rats. 


Absorption of xylose and sorbose. 
Table IT shows the results of absorption tests with xylose and sorbose. 
In series V the average amount of xylose absorbed in 1 hour by four rats 
with low serum calcium was 33-5 mg. and of five normal rats 33-4 mg. In 
series VI, the amount of sorbose absorbed in 1 hour was about the same: 
29-8 and 32:2 mg. in two rats with low serum calcium and 27-3 mg. in a 
normal rat. 


N.B. The average of the amounts of sorbose absorbed in eight experiments made 
with the same technique on normal rats by Verz4r and Laszt was again a similar value, 
36-0 mg. in 1 hour. 
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Tasiz II, The influence of serum calcium on xylose 


and sorbose absorption in rats. 
Bod Serum Increasein Sugar Chloride 
Rat Solution Ca volume absorbed found 
No. injected mg./100c.c. mg. p.c. 
Series V 5 230 3c.c, of 45 5-4 37-4 0-36 
6 290 xylose for 39-8 0-40 
+06 31-2 0-36 
8 260 +08 25-5 0-35 
Average 33-5 
Controls 4C 320 Do +06 32-1 
5C 320 — +03 30:3 0-21 
6C 360 9-3 +13 33-0 0-51 
104 217 +0-4 36-1 
106 254 +1:2 35-7 
Average 33-4 
Series VI 11 240 30.c. 0f 5-4 p.c. ) Serum 
+1-2 29-8 0-34 
Controls 10C 190 Do. 6-8 


+1-0 27:3 0-38 
36-0* 


* This figure is taken from the paper of Verzar and Laszt [1935]. 


It will be noted that the absorption rates of xylose and sorbose are 
about equal, and are very much less than that of glucose, which is in 
agreement with the results of Wilbrandt and Laszt [1933], Verz4r 
and Laszt [1935] and Verzér [1935]. 

The concentrations of chloride were also of the same magnitude in the 
rats with low serum calcium and the normals. 

Contrary to the experiments with glucose given in Table I, no water 
was absorbed during the absorption of xylose and sorbose, indeed in all 
cases the volume increased. This was also seen in the experiments of 
Verz&r and McDougall [1935] and is explained in the following way. 
In the case of glucose, the sugar leaves the intestinal lumen so rapidly 
(due to selective activity in the mucosa) that a solution isotonic with the 
blood soon becomes hypotonic, in spite of the entrance of chloride. Water 
therefore leaves the intestine to maintain the isotonicity with the blood. 
Xylose and sorbose diffuse out of the intestine so slowly that the entrance 
of chloride (and probably other solutes of the blood) causes the solutions 
to become hypertonic, and water enters to establish osmotic equilibrium 
with the blood. 

Discussion. 

The results show no difference between the rats with low serum 
calcium and the normal rats either in the rate of absorption of glucose, 
xylose or sorbose, or in the movements of water and chloride into and out 
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of these solutions during absorption. The serum calcium level therefore 
seems to have no effect either on the actual permeability of the mucosa, 
or on the active synthetic process involved in the absorption of glucose, 
so far as can be determined by this method. 

This conclusion is not in agreement with the observations of Magee 
and Sen onrats. They found in parathyroidectomized rats with low serum 
calcium that the absorption of glucose was reduced by 40 p.c., and could 
be restored to the normal rate by the addition of calcium chloride to the 
glucose solution fed. The discrepancy between the two sets of results 
may be due to the following differences in experimental procedure. 

First, the method of reducing the blood calcium was different in the 
two cases. In their experiments this was effected in a few weeks by 
extirpation of the parathyroids, while in our experiments the serum 
calcium was reduced very gradually by feeding a calcium-deficient diet 
for 9 months. However, it should be noted that their parathyroidecto- 
mized rabbits showed a normal rate of absorption of glucose, although 
the blood calcium was suddenly reduced here as in the parathyroidecto- 
. mized rats. 

Secondly, their experiments were made on unanesthetized rats, while 
our experiments (and also their experiments on rabbits) were made on 
anesthetized animals. It might be argued that the anesthetic could in 
some way mask the reduction of glucose absorption in the animals with 
low serum calcium. | 
_ Thirdly, there is the difference that Magee and Sen fed the sugar 
solutions into the stomachs of the rats by stomach tube, while in the 
present experiments (and in the experiments of Magee and Sen on 
rabbits) it was injected directly into an intestinal loop. It is therefore 
possible that delay in the emptying of the stomach could account for the 
reduced rate of absorption in the rats fed by stomach tube. 3 

In clinical literature, it is well known that in patients with low blood 
calcium showing symptoms of tetany, the motility of the stomach is often 
disturbed ; pyloric cramps and tetanic contractions of the whole muscula- 
ture of the stomach have been described [e.g. Falta and Kahn, 1912). 
Also in infants with tetany, general hypertonicity and spasmodic closures 
of the pylorus are well known [e.g. Nesbit, 1932]. It therefore seems 
possible that the motility of the stomach of rats with low serum calcium 
may be disturbed. 

To test this hypothesis, Réntgen observations were made on two rats 
with low serum calcium and on two normal rats. They were starved 
24 hours, fed by stomach tube with 3 c.c. of barium paste, and observed 
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from time to time. In the two normal controls the duodenum filled with 
barium after 3 min., and continuous streams could be seen leaving the 
stomach. After 25 min., the whole small intestine seemed to be filled. 
In rats with low serum calcium, however, in one case, after 34 min. there 
was some barium in the intestine, but after 30 min. only the upper part of 
the small intestine was filled, and strong tonic contractions of the stomach 
were seen. In the other rat with low blood calcium barium first appeared 
in the duodenum only after 13 min. and even after 3 hours there was little 
in the-small intestine and much left in the stomach. These observations 
gave the impression that the emptying of the stomach was retarded in 
rats with low serum calcium. Unfortunately a sufficient number of rats 
with low serum calcium was not available to make more observations on 
this point. 

One explanation of the reduced rate of absorption of glucose in the 
rats with low serum calcium in the experiments of Magee and Sen may 
therefore be the delayed emptying of the stomach, which was restored to 
normal by the addition of Ca++ to the sugar solution in their experiments. 

Gellhorn and Skupa, contrary to either the present experiments or 
those of Magee and Sen, found (as mentioned before) that a low con- 
centration of calcium in their perfusion fluid allowed an increase in the 
absorption of glucose from the frog’s intestine. It may be, however, that, 
with the very different experimental technique which they used, they 
were influencing capillary permeability rather than the permeability of 
the intestinal epithelium. 

It would therefore appear that, although differences in concentration 
of calcium may influence capillary permeability, and, although the 
presence of Ca++ may be essential for the selective absorption of glucose 
in the surviving intestine, a decrease of serum calcium to 5-6 mg./100c.c. | 
does not retard the special synthetic process involved in the absorption 
of glucose, or inhibit the absorption of xylose and sorbose in the intestine 
of intact anesthetized rats. 

SuMMARY. 


Rats reared on a diet which caused low serum calcium absorbed iso- 
tonic solutions of glucose, xylose and sorbose at the same rate as normal 
rats, when these sugars were injected directly into the small intestine in 
urethanized animals. 

The author wishes to express her thanks to the Roche Foundation for a fellowship which 
made this research possible. | 
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THE OCCURRENCE OF SEVERAL KINDS OF 
HA:SMOGLOBIN IN HUMAN BLOOD. 


By R. BRINKMAN ann J. H. P. JONXIS. 


3 —Clime, Groningen, Holland.) 


(Received January 9, 1935.) 


In a preceding paper in this Journal [Brinkman et al. 1934] the occur- 
rence of two kinds of hemoglobin in normal human blood was described. 
The present investigation is an extension in two directions: first the 
change in type of hemoglobin from birth to advanced childhood is 
studied by photo-electric measurement of the rate of alkaline denatura- 


method, viz. the determination of the isoelectric points of monolayers of 
) hemoglobin by means of the spreading technique. As the amount of 
| blood obtainable from very young children was often small:the measure- 
ment of the rate of alkaline denaturation has to be modified to a semi- 


micro procedure. 


| heated by a 5-ampere current from a 6-volt 120-ampere-hours accumulator, which was 

recharged simultaneously from a small dynamo driven by a synchronous motor with con- 

| stant speed of 1500 rev. per min. In series with the recharging dynamo is a 2-ohm variable 

resistance, which can beso adjusted that constancy of the heating current is secured. In this 

way the intensity of the 25-watt lamp is kept so steady that the E.M.F. of the illuminated 
photo-cell is constant to within 0-2 mv. during 20 min. 

The HbO, solution (1 c.c. of a 0-6 p.c. solution) is contained in a small glass bulb (diam. 

0-8 om.), at the end of a small tube; the tube is placed in a 100 c.c. water-filled cuvette, 
the water being automatically kept at 25 +0-03° C. 

‘The alkaline buffer solution was injected and mixed by means of an accurate 1 c.c. 
of injection and mixing. 

‘Tho light of the 25-watt lamp is converged by a latge 10-d. lens 20 that the foous is just 
inside the bulb; the photo-cell is placed directly behind the cuvette. 
Constancy and reproducibility of the light intensity are controlled by filling the bulb with 
a standard solution of benzo-brown, which absorbs about the same amount of light-and in 
about the same spectral regions-as a 0-5 p.c. solution of denatured hemoglobin does. Every 
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tion, and secondly the results are confirmed by an entirely different 
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determination is started and concluded by controls with the standard solution. The lighting 
apparatus is not functioning continuously during the time of measurement, but is started 
for the 45-60 sec. of every minute. The light was passed through a Lifa No. 214 filter instead 
of through a CuSO, filter as heretofore. With an initial concentration of 0-5 p.c. of HbO, the 
relation between the percentage of denatured HbO, in the total mixture and the drop in 
millivolts was linear. Moreover, the addition of 10 p.c. HbO, to 100 p.c. of denatured HbO, 
gave the same increase in u.M.¥. as the addition of 10 p.c. of pure water, the photo-electric 
apparatus under these conditions being practically insensitive to small concentrations of 
HbO,. This fact made the calibration much easier; in every experiment after complete 
denaturation at pH 12-20 the solution was diluted with 10 p.c., etc., of, pure water. The 
corresponding increase in millivolts gave the necessary calibration factor. — 


With this technique we have studied the alkaline denaturation of 
human HbO, from the early postnatal period. A typical example of an 
experiment is cited for illustration. 


21. viii. 1934. Oxalate blood of a child of 8 months, obtained by jugular punction and 
saturated with air. HbO, content 11-0 p.c. 3-0 c.c. of blood is diluted to 50 c.c. with a 1 p.c. 
solution of saponin, so that the final concentration of the solution after addition of 4 vol. 
of alkaline buffer solution will be 0-5 p.c. The solution is shaken with air and centrifuged 
for 10 min. so that a very clear liquid is obtained. The small bulb in the automatic 100 c.c. 
water bath at 25-0° C. is filled with the standard benzo-brown solution, and the resistance 
of the recharging circuit so regulated (if necessary) that the z.m.¥F. of the illuminated 
photo-cell is kept constant at 126-0 mv. 

The solution of benzo-brown is now removed by suction, the bulb is washed with 
distilled water and 1 c.c. of the HbO, solution is introduced. After temperature equili- 
bration the photo-electric reading is taken; then 0-33 ¢.c. of the alkaline buffer solution is 
injected and well mixed into the bulb by means of a syringe. A stop-watch is started at the 
moment of injection and readings are taken at every minute for 15 min. When the £.M.F. 
of the cell does not decrease any more, 0-13 c.c. of the solution in the bulb is replaced by 
0-13 c.c. of distilled water, for calibration; this gives an increase of 3-3 mv., and the same 
replacement, repeated, increases the z.M.F. by 3-0 mv. The solution of denatured HbO, is 


now replaced by the standard benzo-brown solution, for control of the apparatus; E.M.F. 
should then be 126-2 mv. 


The rate of denaturation is obtained as described in the first paper, 
and the present results are summarized in Fig. 1. If the blood appears to 
contain two kinds of HbO,, the rate of denaturation of the less resistant 
fraction is not drawn in this figure. The numbered curves represent the 
rates of denaturation of the following cases: | 

I gives an example of the rate of alkaline denaturation of HbO, 
obtained from the umbilical vein. We made seven determinations of 
similar cases, which agree almost exactly. The same curve was also found 
in one case of a prematurely born infant of 3 weeks. II is drawn from the 
HbO, of a 7-day child (one case), and III from a 3-month one (two 
cases). IV, [Va and IVb represent cases from 7 months (IV) to 2 years 
(IV), V is from a child of 2¢ years, VI from a 3-year and Via from a 
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5-year child (two cases), VII from a 7-year, VIII from a 10-year and 
IX from adult’s blood. 


2°00 
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Fig. 1. Rate denaturation at pH 12-20 and 25° C. of hemoglobins from children 
of various ages. Description in text. Vertical axis: log. percentage unchanged hemo- 
globin. Horizontal axis: time in minutes. 

The preliminary conclusion which we would like to draw from these 
observations is, that the foetal, alkali-resistant type of hemoglobin 
begins to disappear directly after birth; it is substituted by a much less 
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resistant form. At the age of 3 months about 23 p.c. of the HbO, is still 
of the resistant type, but at 7 months this type has disappeared wholly. 
In about 200 determinations of alkaline resistance we have never en- 
countered the presence of the foetal type of HbO, after the age of 
7 months. From that age to about 2 years the method indicates the 


presence of only one kind of Hb0,,. till at the age of 23 years a new type 


of HbO, makes its appearance in our curves. This kind has the rate of 


alkaline denaturation characteristic for the resistant fraction of adult’s 


blood. Its percentage of total HbO, is maximal at the age of 3-5 years 


in our cases. In adults it may vary considerably, as already stated in our. 


- first communication. 

_ A further study on the relation of the amount of resistant HO, to 
other hematological findings is in progress. We have made no attempt to 
investigate whether the less resistant form of HbO, had an identical rate 
of alkaline denaturation in every one of our cases, because its speed of 
reaction was too great in these experiments. _ 

_ A confirmation of the conclusions drawn from the measurement of 
alkaline denaturation of various human hemoglobins has been obtained 
by the study of their surface-pressure curves on dilute buffer solutions 
of different pH. The method was the same as used by Gorter and 
Grendel [1926]; the HbO, was prepared by washing of the corpuscles 
and subsequent electrodialysis after Ettisch [1929]. The observations 
are plotted as curves expressing the area occupied by 1 mg. of HbO, after 
1 min. of spreading on M/300 buffer solutions of different pH; the areas 
were calculated by extrapolation to zero pressure, 

_ It will be seen that in most of the.curves a definite maximum is 
present, which might correspond to the isoelectric point on that solution. 


That the isoelectric point of proteins can be determined by the spreading | 


technique is shown by Fig. 2, in which some proteins with known iso- 
electric point were investigated. The same statement has been made by 
Gorter and his associates who found the phenomenon only present on 
very dilute solutions. We will attempt no theoretical explanation of this 
interesting behaviour, but only make use of this surface maximum as a 
means for differentiating between human hemoglobins: a 

In Fig. 3 the extent of surface layers of various human Ssieiisbins 
after 1 min. of spreading on M/300 phosphate buffers in relation to pH 
is summarized. From this we have ‘drawn the following conclusions: 

Feetal hemoglobin (I) spreads comparatively slowly like hemo- 
globin from cow’s or horse’s blood (see also Fig. 2). The velocity of 
ee is maximal at pH 6-7: and decreases regularly on both sides 
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of this point; this might indicate that there is only one isoelectric point. 
If one compares this to the spreading of the hemoglobin of an 8-month 
child (IV) two points of difference are obvious: the rate of spreading has 
increased and the maximal surface is found at a more alkaline reaction _ 
(pH 6-9). The form of the curve suggests the presence of only one kind of 

hemoglobin, but its“properties are different from the natal type. This 
agrees with the conclusion drawn from the measurement of alkaline 
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Fig. 2. Spreading of hemoglobin of horse (I), of cow (II), of pig (III), of rabbit (IV).and 
of ovalbumin (V) on dilute buffer solutions of increasing pH. Vertical axis: surface of 


1 mg. of hemoglobin, in square metres, after 1 min. of spreading at 18°C. Horizontal 
axis: pH of buffer solutions. 


denaturation (see Fig. 1, IV). Proceeding to the surface curve for adult 
hemoglobin (IV) the form is markedly changed by the appearance 
of the indication of a second maximum at pH about 6-3. If this is to 
be explained by the existence of a second isoelectric point—as would 
be in accordance with the results of the alkaline denaturation method— 
determinations must be made of the surface curves of artificial mixtures 
of two hemoglobins of known different isoelectric points, for it does not 
seem possible to predict how the presence of two proteins with different 
isoelectric points will influence the shape of the surface pH curves; very 
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Fig. 3. Surface of spreaded human hemoglobins on M/300 phosphate buffers. The num- 

bered curves are from the same samples of hemoglobin as described in Fig. 1, where the 
corresponding curves bear the same roman numbers. Vertical axis: surface of 1 mg. of 
hemoglobin, in.square metres, after 1 min. of spreading at 18°C, Horizontal axis: 
pH of buffer solutions. | 


4 
4 
| | 
NS 
08 
06 
0-4 
ta 
re 
- 
os 


HHMOGLOBINS IN HUMAN BLOOD. 123 


probably the ampholytes will influence each other. Tiselius’ [1930] 
experiments on the boundary migration velocity of a mixture of two 
proteins only show that such interaction may be — @ general rule 
cannot be given at present. 


12 
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Fig. 4. Spreading of hemoglobin of a 1-year child (I), of the resistant fraction of adult 
hemoglobin (IV), of a mixture of equal parts of I and IV (II), and of a mixture of 
75 p.c. of I and 25 p.c. of IV (III). Vertical axis: surface of 1 mg. of hemoglobin, in 
square metres, after 1 min. of spreading at 18° C. Horizontal axis: pH of buffer 


In an empirical way we have therefore made artificial mixtures of 
two hemoglobins and studied their surface pH curves (Fig. 4). As forms 
of hemoglobin we took the HbO, of a l-year child (monohemo- 
globinic, isoelectric point at pH 6-9) and the resistant type of adult 
human blood (isoelectric point at pH 6-4). The latter substance was 
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prepared from hemoglobin of a man of 30 years, obtained by washing and 
_ toluol hemolysis, and by allowing the alkaline denaturation at pH 12-20 
to proceed for 8 min. at 25° C. After that, denaturation was stopped by 
bringing the reaction to pH 7:5 with normal acetic acid. The precipitate 
of denatured HbO, was removed by centrifuging, and the remaining 
solution of HbO, was subjected to electrodialysis after Ettisch till no 
further precipitation took place. The resulting clear solution of HbO, 
was shown to have a normal oxygen capacity, so that not much “in- 
active” hemoglobin could have been present. 

The alkaline resistance curve of the so prepared HbO, was almost 
identical with the resistant fraction of curve No. IX for adult’s blood in 

ig. 1. 

ge surface pH curves of mixtures of the two hemoglobins are given 
in Fig. 4. Line I is made from the alkali-resistant fraction of adult’s 
hemoglobin (see also No. X in Fig. 3); line IV is from the child’s hemo- 
globin, IT from an equal parts mixture, and IIT from a combination of 
75 p.c. of child’s and 25 p.c. of resistant pigment. It is seen that the 
curves from artificial mixtures in Fig. 4 and those from genuine samples 
of blood (Fig. 3) are very much alike. | 

From this we think it probable that the latter curves (Nos. V-IX in 
Fig. 3) really indicate the presence of two kinds of hemoglobin in the 
blood of children from 3 years onwards. The isoelectric points seem to be 
_in the neighbourhood of pH 6-3 for the resistant type and of pH 6-9 for 
the less resistant form; a more precise estimation cannot be given 
_ because of the probable mutual influence of the two ampholytes. 


At any rate, the determination of the maximal spreading velocity on 


very dilute buffers of different pH seems to have given a valuable confirm- 
ation of the results of the alkaline denaturation method. Our conclusion 
must be that there exist at least three forms of human hemoglobin, one 
at birth, which disappears at the age of 7 months, and two in later life, the 
resistant form making its appearance at the age of about 3 years. _ 


Discussion. 


The remarkable difference in natal and adult human hemoglobin has 
been described by various authors [Kérber, 1866; v. Krtiger, 1888; 
Ziemcke, 1901; Wakulenko, 1910; Bischof, 1926; Bischof and 
Schulte, 1926; Wundt, 1927; Kittler, 1927 ; Hentschel, 1928; 
Haurowitz, 1929, 1930; Trought, 1932}. All authors agree that the 
_ foetal type of human hemoglobin is no longer present at about 7 months 
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after birth, and also that the of 
and older hemoglobin is only found in human blood. 

Our investigation with a more precise technique has added a third 
form of human hemoglobin, the “‘alkali-resistant type”, which appears 
at the age of about 3 years and remains present in adult life. The latter 
kind of hemoglobin is also found only in human blood, so that we are 
not able to confirm by our methods the work of authors who claim to 
demonstrate the presence of more than one hemoglobin in animal blood 
[Geiger, 1931; but see Dummett and Bowden, 1933; Barcroft, 
1934]. This may be caused by the very high alkaline resistance which 
makes accurate determination of differences in denaturation rates very 
difficult. On the other hand, the results also of the spreading technique 
indicate so far the presence of two hemoglobins in human blood only. _ 

According to Boor [1930] the differences in crystal form found in the 
hemoglobins of one species must be ascribed to impurities. In foetal and 
maternal human hemoglobin specifically different crystal forms have 
been found by Perrier and Janelli [1931], who also describe the 
presence of two kinds of crystals prepared from the blood of the early 
postnatal period. 

Chemical differences in the globins of foetal and adult human hemo- 
globin have been discovered by Schenk [1930] and by Lang [1934]; 
they also find that the globin of the adults has no constant composition. 
This might be explained by the variation in percentage of the resistant 
type of hemoglobin found in adults. 

Identification of the individuality of hemoglobin by means of its 
isoelectric point seems very difficult at present. A number of observers 
have accepted the formation of a different hemoglobin in the case of 
asthmatic patients [Petow, 1927], of Graves’ disease [Glass, 1931], in 
heavy exercise and extirpation of the spleen [Glass and Grosscurth, 
1932], in low oxygen pressure [Rubowitz, 1933] on the base of a change 
in the cataphoretic isoelectric point. Apart from the fact that most of the 
cited observations have not been sufficiently controlled, the difficulty 
remains that: 

(a) the cataphoretic method cannot distinguish amongst the certainly 
different hemoglobins of animals, or between oxy- and reduced hemo- 
globin, and 

(6) that the place of the isoelectric zone is dependent on previous 
treatment of the hemoglobin [Straub and Meier, 1923], on the kind 
and the concentration of the buffer mixture [Straub and Meier, 1923; 
Geiger, 1931; Tiselius, 1930], and perhaps on many other factors. 
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The determinations of isoelectric or isoionic points by indirect methods 


may give better information, but till now it has given only one isoelectric 
point in each animal hemoglobin. Human pigment has not been in- 
vestigated in this way as far as we know. 

The method of determination of the maximal spreading velocity has 
the advantage of being available for very dilute solutions and is not 
influenced by electrolytic disturbances, and can take account of the 
presence of other spreading substances. This technique indicates large 
differences between foetal and maternal human hemoglobin and also 
distinguishes between the species variations; but so far it has given no 
indication of more than one hemoglobin in any animal species except 
man. 


SUMMARY. 


_ By the method of registration of alkali denaturation three forms of 
human hemoglobin have been found. One type is present in foetal blood ; 
this is completely replaced by the less resistant adult form at about 
7 months after birth. At 3 years of age a “resistant” type of adult 
hemoglobin makes its appearance, and remains present in adult life. 

The determination of isoelecttic points by means of the spreading 
technique entirely confirmed the conclusions from the denaturation 
method. 

Only in human blood so far has more than one kind of hemoglobin 
been found by these methods. 
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SOME PHYSIOLOGICAL AND. PHYSICAL ASPECTS 
OF THE SURFACE TENSION OF URINE. ts 


‘By P. W. PERRYMAN C. F. SELOUS. 


(From the Department of Pathology, Kent and Suter 
Tunbridge Wells.) 


(Received May 22, 1935.) 


A stupy is being carried out of the surface phenomena of the complex 
colloidal systems occurring in the body. Among these urine has been 
investigated and found of such interest and importance that a thorough 
investigation was made. In the following paper the results of the work 
on surface tension are recorded. 

Little work has hitherto been attempted in this field, and the Sines: 
ture is both scanty and often contradictory. Several reasons may be 
adduced to explain these discrepancies. The variation of the methods 
employed and the frequent use of artificial standards have entailed con- 
fusion, and further, most of the work has been done with the object of 
finding diagnostic applications before the normal physiological variations 
and physical aspects of the problem had been studied [Bechold and 
Reiner, 1920; Schemensky, 1920]. 

For this reason we have, here, mainly recorded the result of the work 
done in investigating the surface tension of normal urine under varying 
conditions both physiological and physical. The results show that the 
colloidal system of this excretion is a complex and interesting one and 
that further work on its physical properties, conditions, and equilibrium 
may well throw light on such controversial problems as the formation of 
calculi, hormonic secretion and possibly liver function. 


METHODS. 


_ For determining surface tension (s.T.) several methods are available, 
but when due regard is paid to limitations, accuracy, speed, reliability 
and applicability to this field, it is found that many are unsuited to the 
_ routine examination of biological liquids. 
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The methods hitherto mainly used are the tensiometric, the stalagmo- 
meter and capillary height: methods. The theory and practice of these 
were examined in order to find a method suitable for this work, 

(1) The tensiometric method, one of the oldest employed, and as 
improved by Du Nouy [1919], has been extensively used in this field. 
It is, however, rather subject to mechanical difficulties and unsuited to 
certain conditions which were required and was therefore rejected. 

- (2) The stalagmometric methods are slow and unreliable and were 

(3). The cinilinaisheighs method. This i is one of great accuracy but 
is only suitable where time is of secondary importance. | 

These methods having been rejected attention was turned to that of 
the maximum bubble pressure. The theory of this has been — 
studied and Jaeger’s simple formula 


T =F [hp'— 


can be used without corrections where an error of cba’ is per- 
missible. For this particular field of work two simplifications were intro- 
duced. Firstly the jet was set in the surface of the liquid, making h!=0. 
Secondly, as we were working only with fluids whose densities vary 
between 1-003 and 1-040, we put p=1, the error thus introduced affecting 
only the third decimal place in the value of 7. Glass capillary jets of 
radii of 0-01-0-02 cm. were used, the radii being accurately determined 
by measurement with a micrometer microscope. For a given radius 
therefore the formula reduces to 


and 7' can then be conveniently read off from a graph, when the mano- 
metric height h has been determined. 

‘The apparatus then consisted of a capillary of predetermined radius, 
held vertically and connected by rubber tubing to a manometer and to 
a device for applying fine gradual pressure in order to produce and 
control the bubbles. This consists of a simple turned brass cylinder and 
screw plunger recommended to us by Dr N. K. Adam. Pressure is 
applied by turning the milled screw head, which propels the plunger ~ 
down. the cylinder: a well-greased gland renders the device airtight, and 
it is most satisfactory. 

For the manometric liquid kerosene oil gave sildaleihion: The dennity 
of this was redetermined periodically and was very constant, 0-812-0-813. 
This apparatus was set.up and, before any observations with biological 
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fluids were made, was tested by the estimation of the s.T. of standard 
liquids. The following results were obtained : 


20°C.) 73-0+0-25 dynes/cm. 
26-04 (Richards and Carver, 27-14) 
Benzene . 28-59 , (Harkins and Brown, 28-88) 
Toluene as 28-44 ss (Richards and Carver, 28-43) 
Carbon tetrachloride __,, 26-36 sii (Ramsay and Shields, 25-70) 


We thus had at our disposal a method which had the advantages of ease 
of cleaning, rapidity, small volume of fluid under test, and reliability. 

It was found that the s.r. of urines shows change with time. For 
general comparative measurements therefore we standardized the tech- 
nique as follows. Bubbles are formed at the rate of approximately 1 per 
10 sec. The value of / falls slightly at first as the bubbles are formed. 
When three successive bubble formations occurred at the same value 
of h, the latter was taken as representative. 

For the study of s.T. time variation the following modifications were 
made. The whole apparatus was constructed with all-glass connections 
to avoid leakages. In place of the screw plunger which was used for the 
application of the fine pressure for bubble formation, a mercury reservoir 
moved vertically by a fine screw was substituted. The apparatus remains 
completely airtight and time changes can be studied for a duration of 
2 hours or more. | 

For the 8.7. temperature experiments little alteration was required. 
The original apparatus was used. The urine was placed in a water-jacketed 
cell, equipped with stirrer and thermometer, which was set on a hot plate. 

Before every experiment the s.T. of distilled water was determined 
to verify the precision of the apparatus. 


EXPERIMENTAL. 
Time variation. | 
The apparatus as described was set up, urine placed in cell and 
capillary jet adjusted in surface, The manometric height when the 
kerosene was level in both limbs was read. The connection of the 
capillary tube to air was cut off and the mercury reservoir raised until 
a bubble was released, the manometric height (h) being then noted and 
the stop-watch set off. h was rapidly readjusted to a suitable value 
slightly below, and the time for release of next bubble noted. This 
process was repeated until the smallest measurable change of mano- 
metric height required several minutes for bubble formation. A total 


duration of 30 min. was usually enough to bring 8.7. to equilibrium. In 


all thirty of these experiments were carried out. — 
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8.T. time variation with concentration. 
Volume dilutions of urine in distilled water of the following strengths 


were prepared: 1, 5, 10, 20, 40 and 80 p.c. 8.7. experiments were then 
carried out as above on each specimen and on the original urine. 


Influence of CO, absorption on 8.7. time variation. 

Specimens from normal male adults were taken and, after a routine — 
examination which showed no abnormality, were filtered and divided 
into two fractions. Through one of these a slow stream of pure CO, was 
passed for one hour and s.1. time variations for this and the untreated — 
specimen obtained. Identical experiments were carried out with urines 
containing a large amount of precipitable protein. Routine examinations 
showed no other pathological abnormalities. 


Temperature variation. 

Experiments were made with specimens from three normal subjects 
which showed no abnormalities with the routine tests. The apparatus, 
as described, was set up and 20c.c. of urine were put in the water- 
jacketed cell, placed on the heating plate and capillary adjusted in the 
surface. The normal manometric height, h, was then read, pressure 
applied and a succession of bubbles allowed to form as in a 8.T. time 
experiment for a period of 10 min. when an approximately static value 
for 8.T. was reached. The heating of the plate was then started, the urine 
being stirred continuously and the temperature and height, h, noted 
5 when a bubble formed. The height, 4, was then adjusted to a slightly 
lower value, 0-1—-0:2 mm., and the temperature for bubble formation 
again noted. This was continued up to a temperature of 56° C. 


Daily variation of 8.7. 
In this investigation normal healthy subjects were used and sixteen 
; curves plotted. The first specimen was passed at 6 a.m. (that secreted 
during sleep), and thereafter specimens were passed at 2-hourly intervals 
until 8 p.m. with a final specimen at 6 a.m. on the following morning— 
making nine specimens in all. During this time food and drink intake was 
standardized as follows: — 


6.30 a.m. Breakfast with tea. 
8.30 a.m. Glass of milk. 

‘ us 12.30 p.m. Dinner with liquid. 

4.00 p.m. Tea. 

6.00 p.m. Glass of milk. 


The simple maximum bubble pressure apparatus was used and s.'. 
of samples from each specimen were measured, measurements being made 
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at laboratory temperature. A routine examination of each specimen was 


first made. These experiments were modified as follows in four cases, in 
order to discover any possible effect of food and liquid intake, on normal 
subjects. An ordinary daily variation was undertaken as described above, 
and on the following day all times of food or liquid intake were delayed 
for 2 hours, specimens, however, being as in the preceding experiments. 
In two cases a further modification was carried out as follows, specimens 
being taken on each of four consecutive days exactly as in the normal 
daily variation examination described first above, except that the experi- 
ments were terminated after the collection of the 12 o’clock specimens: 


Ist day. Food and liquid intake normal as above, as a standard. 
2nd day. Liquid intake only delayed until 8 a.m., food normal. 
3rd day. Food intake only dela ed until 8 a.m., liquid normal. 
4th day. Both food and liquid delayed until 


. Monthly variation. 

In this investigation four normal female subjects ee between 17 
and 33 were used. From the work on daily curves it was obvious that 
the first morning specimen was the most suitable for making daily com- 
parisons. Accordingly these specimens were taken each day over.a period 
of 1 month. Routine examination was made in order to detect the onset 
and termination of the menses and the s.T. measured sf a means of the 
simple maximum-bubble pressure apparatus. 


Examination of random pathological urines, 


‘Details of sex, age and diagnosis were recorded, routine chemical son 
microscopical examinations made and the s.r. determined, of 250 random 
specimens. The times of day at which these were passed were unknown. 


Physico-chemical. 
Results ft: T. time experiments. | 


In the case of pure liquids there is no quantitative lili of a 
change in surface tension with time, although there is a small amount 
of indirect evidence [Schmidt and Steyer, 1926] that sacha change 
must occur, the time interval, however, being too short for ordinary 
experimental measurement. With simple solutions there is some evidence 
for the existence of this effect. Lottermoser and Baumgurtel [1934], 
working with solutions of sodium salts of fatty acids, state that <agie is 
rapid fall before the so-called static value of attained. 


¥ 
a 
as 
: ‘ 
J 
4 
‘ 
4 
x 
ae 
is 
Fe 
¥ 4 
3 
a 
y 
a 
<j 
4 
4 


Surface tension dynes/cm. 


SURFACE TENSION OF URINE. . 
70 | 
69 T=70-°7 —4°33 log 
68F 
66 
65 
64 
63 
62 
61 
60 
59 
58 
$7 Log time | 
0°4 066 08 160 1-4 260 262 2-4 266 208 3+ 
*"O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 16001700 
Time, secs. 
Fig. 1, Normal urine, 
T=69-66—4°54 log t 
67 
66" 
65 
64 
63 
62. 
60 
39 
58 
57 Log time x 
Ord 0-8 160 106 20 202°2-4 266 30 32 304 
© 100 200 300° 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 
Time, secs. 
Fig. 2. Pathological uririe. 
PH. LXXXV. 9 


Surface tension 


a 


183 


s 
4 
os 
j 
“A 
> 
ag 
x 


134 P.W. PERRYMAN AND C. F. SELOUS. 


In biological fluids the system investigated is invariably one of great 
complexity and the time interval taken in attaining an equilibrium value 
of 8.7. is greatly prolonged [du Nouy, 1929]. We first noted this pheno- 
menon qualitatively in measuring the surface tension of blood serum, 
and later when dealing with urine repeated this experiment with one 
containing proteins, which we found to be readily measurable by our 
modified apparatus as described. We then repeated the experiment with 
normal protein-free urine and were surprised to discover a very marked 
change of s.. with time (Figs. 1 and 2). A similar curve is given by urines 
containing blood, or bile. It is therefore impossible to pin this time curve 
to the presence of proteins as we at first supposed. 

We have found that in all systems showing a 8.T. time change the 
effect is completely reversible as evidenced by the immediate restoration 
of s.T. to initial value when the liquid is vigorously stirred. 

The form of these curves is in the majority of cases a simple logarithmic 
one, as is seen when the log of time in seconds is plotted as abscissa. With 
the exception of the points lying within the first 60 sec. a straight line is 
obtained. The deviation is due to the fact that the change at first is too 
rapid for accurate measurement. The variation is therefore of the form 


T=T,—K logt. 


We notice by the exterpolation of s.t. log time line that where t=0 we 
obtain a value for s.T. of between 69 and 71 dynes/cm. which may be 
regarded as the dynamic value of the s.r. of the system. | 

In a few cases the relation is not a straightforward logarithmic one 
but can be resolved into two separate logarithmic relations with limits 
of approximately 0-600 sec. for the first part of the curve and above 
600 sec. for the remainder (Fig. 3). 

This phenomenon of changes of surface tension with time in these 
systems is a very striking one, and the following experiments were 
devised to test the reality of the observations. It was suggested that 
the free surface of the liquid might be influencing the bubble surface. 
The jet was therefore set at various levels from 0-5 mm. to 1 cm. below 
the surface. The s.r. time curves obtained were identical. 

The technique was varied so that the values of t referred to the actual 
age of the bubble surface. The watch was started when a bubble was 
produced at the end of the capillary, and stopped immediately it burst, 
bubbles of various ages being easily obtained by varying h. Between — 
successive bubbles the liquid was thoroughly stirred. The resulting curves 
obtained by this and the former technique agree closely, the logarithmic 
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form being again observed. Confirmation of the effect was obtained ‘by 
resort to entirely different. methods of measurement. The horizontal 
capillary method of Ferguson and Kennedy [1932] was fitted up _ 
OF of urine with time. 


1. T= 71-34 1-12 log t (0-570 sec.) 
2. T= 102-76 log ¢ (570-1400 sec.) 


| Surface tension dynes/cm. | 


60 
59 
5K i i i j 
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Time, secs 
Fig. 4. 


Subsequently, using a wide capillary, we have confirmed the effect 
qualitatively by means of the capillary height method. This method is 
open to the objection of unreliability on account of sticking of the 
meniscus in the tube, but we note that the height of the meniscus, which 
is proportional to s.7., falls in a logarithmic manner with time. 
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The reality of the effect being thus proved, further investigations 
were made to determine the causative agent. Lottermoser and Baum- 
gurtel state that part of the time change they observed in solutions of 
sodium salts of fatty acids was due to the slow absorption of CO, with 
its change of pH influencing the magnitude of s.r. We therefore explored 
this possibility in the experiments already described. A sample of urine 
was divided into two parts, one being saturated with CO, and s.r. time 
curves for each fraction obtained, In the case of a normal protein-free 


66 
x 
65 
wees @= Untreated urine 
: T = 69°5 — 3°65 log t 
x Treated urine 
61+ 
: 
58r. 
Ie2 16 2°0 262 2% 300 
Log time . 
Fig. 5. 


urine the curves were identical. In that of an albuminous one as is seen 
in Fig. 5 the change is small. The values of K are the same, the only 
change being that the constant, i.e. the dynamic value, is slightly less 
in the fraction saturated with CO,, being 68-6 instead of 69-5 dynes/cm. 

8.T. time variations were carried out by making s.T. time curves at 


various dilutions as described under the experimental section. The 
following results were obtained: 


Urine concentration Equilibrium 
pc. by volume Equation in sec, 
10 T = -0-00278t+70 100 
20 T= -8-06 log t + 86-9 1100 
40 T = log t+ 76-5 1100" 
: | T = — 4-37 logt + 69 1100 


T=-5-7 logt+70 | 1400 
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From this table it will be seen that no effect can be detected below 
10 p.c. by volume. At this dilution the change is very small and roughly 
linear. Between 20 and 100 p.c. the log form is again apparent, but the 
value of K and 7 exhibit no uniform change with dilution. This is 
evidence again of the complexity of the system with which we are dealing. 

- On the evidence thus far obtained, two possible explanations of this 
effect might be advanced. Firstly that there occurred in urine a slow 
semi-gel formation on standing, which decreased the adsorbing surface 
of colloidal particles and so made available adsorbed capillary active 
substance, which itself then affected the s.r. of the free surface. Secondly, 
such @ variation of surface tension with time might be produced by a 
highly capillary active substance of sufficiently large molecular size, 
taking time to reach the surface. 

To test the validity of the first hypothesis the following experiments 
were done: 

(1) Urine was heated to 56°C. and cooled to room temperature. 
s.T. time curves obtained with this and the original urine were identical. 

(2) The same result was obtained when a specimen was boiled for 5 min. 

(3) 50 c.c. were evaporated to dryness and the residue taken up with 
50 c.c. of distilled water. The curve for this fluid was again identical 
with that for untreated urine. 

On this hypothesis some measurable modification of the curves would 
be expected when samples were subjected to the above treatments, on 
account of alteration of the colloidal condition produced, but no changes 
were observed. Further, since colloidal aggregation is to be expected, 
we endeavoured to detect any particulate change by means of the ultra- 
microscope, but were unsuccessful. On the above evidence it appeared 
that this first hypothesis could reasonably be abandoned. 

In pursuance of the second alternative further experiments were 
made, 0-25 p.c. solutions of the following substances were prepared, and 
8.T. time curves obtained: 


(4) Caprylic alcohol 
(5) Dimethyl amino-azo benzene 
(6) Gelatine ...  ... time change present. 
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In addition to these it was found that blood plasma and hydrocele 
fluid gave similar curves. | 

From the evidence reviewed above we conclude that the charac- 
teristic 8.7. time change found in urine is produced by the slow adsorption 
at the surface of a substance or substances possibly related to the bile 
acids, which are known to be present. Since in some urines we find that 
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Fig. 6, 


there are two values of K necessary to express the whole curve, we can 
be certain the system is not a simple one, and further work is being done 
to elucidate the many obvious possibilities, and to — the physio- 
logical significance of the effect. : 


Result of 8.1. temperature experiments. 
Since we have in urine a system of considerable complexity it might 


be expected that the liberation of capillary active substances would occur 
at certain temperatures and therefore experiments as described above 
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were carried out, and curves for the variation of s.r. with temperature 
were obtained. From these the following points were noted: 

(1) Between 33 and 35° C. the fall of s.r. is rapid. This may be ex- 
plained as being due partly to the linear fall which is seen from 35 to 
64° C. and partly by the influence of the time change which was con- 
sidered in a former section. 

(2) Between 35 and 54° C. the true nature of the variation, a linear 
one, appears, since by the time the temperature of 35°C. is reached in 
the experiment the time effect has become negligible. Nothing of note is 
seen in the region between 37 and 40°C. At 54°C. the gradient of the 
line increases suddenly. It may reasonably be argued from this that 
some form of coagulation of a colloidal component occurs at this tem- 
perature, the fall in s.T. being due to the diminution of surface area of 
_ that component with consequent liberation of adsorbed capillary active 
substances. It is interesting that colloidal solutions of some proteins do 
coagulate at this temperature, and although the urine was “protein- 
free”, as shown by the usual tests, yet derivatives which are always 
present possibly exhibit the same phenomenon. 


Daily varvation. Physvological results. 

As described under the experimental section the surface tensions of 
urines from normal subjects, taken at 2-hourly intervals between 6 a.m. 
and 8 p.m. with a final specimen at 6 a.m. next morning, were measured. 
Characteristic curves are given in the figure (Fig. 7). As will be seen the 
first morning specimen has the lowest value; subsequently a steady rise 
occurs reaching a maximum between 10 a.m. and 12 noon, values fre- 
quently of the order of 71 dynes/cm. occurring then. This is followed by 
@ minimum, between 12 noon and 4 p.m., the curve then rising, to fall 
again towards the end of the day. As would be expected no two of these 
curves for either sex are identical. One rather surprising result is that 
nevertheless they fall into two types, that of the male differing distinctly _ 
from that of the female, as shown in the figure. In the latter the 
minimum occurring between the hours of 12 noon and 6 p.m. is much 
more pronounced, frequently being of the same order of 8.7. as the first 
morning one. 

In the light of these variations the contradictory results obtained by 
many workers, in endeavouring to link the s.T. of urines with disease, 
can readily be understood. In no case is the time of passing the specimen 
stated or, apparently, taken into account. As it has been commonly 
_ stated that the variation is caused by the intake of food, it was decided 
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to verify this supposition. The time of intake of food and liquid both 
separately and together was varied and the effect upon the daily s.r. 
curve examined as stated above (Figs. 8 and 9). As these curves show, 
contrary to the accepted view, the variation does not seem to be due 
to the effect of food or drink singly or combined. The parallelism of the 
four curves in each set is noteworthy. Had the taking of food or drink 
been the causative agent a delayed rise should have been recorded when 
the time of such ingestion was — 


Surface tension dynes/cm. 


L 


| Fig. 10. 
Monthly cycle. By 


An examination of the daily curves in the male and female (see 
Figs. 8 and 9) shows that the initial magnitudes of the s.tT. in the case 
of the female exhibit a considerably wider range than those of the male. 
This suggests that here another variation exists upon which the daily 
curve is superimposed. Experiments therefore were carried out in which 
the s.r. of the first morning specimen in normal female subjects was 
measured over a period of 28 days, as described in the experimental 
section above, in order to discover whether any cyclical variation oc- 
curred. On the hypothesis that this might be linked to hormonic secre- 
tions, to which the menstrual cycle is due, control experiments were 
carried out simultaneously on male subjects (Fig. 10). The resulting 
curves show that whereas that of the male has no regular form, that of 
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the female exhibits a cyclical nature corresponding to the menstrual 
rhythm, as already recorded [Selous and Perryman, 1935). The four 
phases into which the human period is divided on physiological evidence 
are shown in the majority of cases, but, as can well be understood, not 
always with the marked regularity seen in Fig. 10. 

At the point A in Fig. 10 the s.r. has a maximum value, and it is 
interesting to note that this appears to correspond in time to that period 
where, according to recent physiological investigation, ovulation occurs 
[Knaus, 1934]. In each individual examined this maximum is well- 
marked. As regards the nature of the substances causing this variation 
of s.T. we can say nothing definite at present, It is known that certain 
hormonic activities, such as the excretion of Prolan A near the mid- 
point of the cycle are of a periodic nature [Kurzrok, Kirkman and 
Creelman, 1934], and it is legitimate to suggest that these causative 
substances are connected with the hormones responsible for the men- 
strual cycle. 

Up to the present the investigations of the s.r. of urine has been done 
with the idea of finding a specific relationship between s.T. and disease ; 
such a relationship has been asserted by many authors, more particularly 
in the case of tuberculosis, syphilis, carcinoma, jaundice, infectious diseases 
and puerperal septicemia. Before the importance and magnitude of the 
normal daily and monthly variations of s.r. had been discovered we 
attempted to investigate these claims by estimating the s.T. of 250 patho- 
logical urines. As described, routine chemical and microscopical examina- 
tions of each were done as a preliminary, in order that any correlation 
between the s.r. and such factors as specific gravity, albumin, blood, bile, 
etc., might be brought out in addition. 

Specific gravity. 
The s.r. was plotted against the specific gravity of the first 200 urines 
of our series. Analysing these figures no relation whatever could be 
_ detected. For example, in the group with s.¢. 1-003-1-010 the surface 
tensions were uniformly distributed between 72-4 and 61-3 dynes/cm.., 
between 1-010 and 1-020 they lay between 72-7 and 52-2 dynes/cm., 
between 1-020 and 1-030 they fell between 71-3 and 52-6 dynes/cm. 
Again in daily curves we have sometimes found that the s.c. was fairly 
constant, ¢.g. varying between 1-015 and 1-017, whereas the s.T. ranged 
between 70-7 and 63-9 dynes/em. Considerable attention was given to 
this because of the assumption of the dependence of 8.7. on specific 
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gravity which is particularly brought out in Schemensky’s so-called 
“Quotients”. In these the specific gravity of the urines to be examined 
- are first brought to a value of 1-010 as a comparative standard. Since, 
as we have shown, there is no connection between these variables, no 
standardization is attained and the derived “‘ Quotients” are meaningless. 


Analysis of our 250 random samples was made to determine the in- 
fluence of the presence of proteins, blood, bile, pus and bacteria on 8.r. 
Forty of the urines examined contained large amounts of proteins 
precipitable by sulpho-salicylic acid. The values of surface tensions were 
in no way uniform, varying between 52-2 and 72-4 dynes/cm. with all 
intermediate values. This result was surprising but was confirmed by 
experiments in which protein was precipitated from one fraction by 
means of various non-capillary active agents, such as mercuric chloride 
or lead acetate, or by boiling, and the s.r. of both fractions measured. 
Mercuric chloride and lead acetate were chosen, since it was found that 
the s.t. of their saturated solutions were practically the same as that 


of water. gt. of original urine 8.7. of treated fraction 
dynes/cm. dynes/cm. 
Boiling alone 57-7 59-5 
Lead acetate 57-7 58-8 
57-7 57°3 
” 56-6 57°5 
55-5 59-5 


From these it is seen that the presence of precipitable proteins is not 
responsible for the lowering of s.T. in urine. The analysis of 250 random 
samples shows in the same way that the other pathological constituents, 
blood, bile, pus and bacteria, cannot be held responsible for any specific 
lowering of 8.T. 

From the results of the work on the daily and monthly variation of 
the s.r. of urine of normal subjects, and from the lack of correlation 
between this and the various pathological factors considered above, it 
follows that no specific relation between s.r. and disease is to be expected 
from any single sample of urine. This conclusion was amply justified 
when the results of 200 random pathological urines were analysed. 
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SUMMARY AND CONCLUSIONS. 


A modification of the maximum bubble pressure apparatus applicable 
to the measurement of the surface tension of body fluids is described. 
The instrument can be used for following the changes in surface tension 
. with time up to 2 hours and also for changes with temperature. 

~ The occurrence of surface tension time changes in biological fluids, 
which has been alleged by a few workers, is confirmed and this effect in 
urine is investigated quantitatively; the resulting curves are of logarith- 
mic form. This phenomenon is shown not to be due to proteins or the 
absorption of CO,, is common to normal and pathological urines, and 
the theory is advanced that it is due to the slow adsorption of certain 
capillary active substances, some of which are related to the bile acids. 

The change of surface tension with temperature from 33 to 56° C. 
has been studied, This is of an approximately linear form up to 54° C., 
at which temperature the decrease becomes more rapid. 

In sixteen normal subjects the diurnal variation in surface tension 
- of urine has been determined, and the observed alterations are shown 
not to be due to the ingestion of food or liquid as has hitherto been 
asserted. 

A monthly cyclical variation has been discovered in the female which 
corresponds closely to the menstrual cycle. 

It is shown that the surface tension of urines cannot be related to 
specific gravity, or pathological constituents such as blood, pus, albumin, 
bile, etc., and that there is no correlation between the surface tension and 
any spnciié disease or group of diseases. | 


We are indebted to Dr N. K. Adam of University College, London, for several helpful 
criticisms and suggestions: 
to use their cases and the Nursing Staff for their willing cooperation. 
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THE ACTION OF THE OVARIAN HORMONES ON 
THE UTERINE MUSCLE MEASURED 
IN VIVO AND IN VITRO. 


By J. M. ROBSON. 
Beit Memorial Research Fellow. 
: (From the Institute of Animal Genetics, University of Edinburgh.) — 
(Received May 22, 1935.) 


NuMERous observations have been made on the behaviour of the uterine 
muscle in vitro in the study of the factors which control the activity of 
the organ under physiological conditions. The reactivity of the muscle 
to the oxytocic hormone of the posterior pituitary lobe has especially 
been investigated, since it is believed that oxytocin may play an im- 
portant part in the mechanism of parturition and the parturient uterus 
is known to be highly sensitive to this hormone. 

There is some evidence that the conditions observed in the isolated 
organ are similar to those obtaining in the body; and recent measure- 
ments in the rabbit [Robson, 19334; Weinstein and Friedman, 
1935], the cat [Schiibel and Gehlen, 1933] and the human subject 
[Robson, 19336; Moir, 1934] have shown that this is probably the case 
at parturition and in the early puerperium. On the other hand data 
published by Tausk, de Fremery, Luchs and Reynolds [1934] sug- 
gest that it does not always hold. Weinstein and Friedman [1935] 
too have very recently favoured the view that. measurements im vitro 
give little indication of the conditions in vivo. 

The present experiments were performed to compare the behaviour 
of the uterus when tested simultaneously on the isolated muscle and 
in vivo, in order to determine what significance can be attributed to the 
measurements in vitro in the investigation of problems of uterine 
physiology. | 

| TECHNIQUE. 

The experiments were performed on twenty-seven rabbits, twenty-six 
of which were fully mature, while one was an immature animal weighing 
900 g. The majority of the animals were hypophysectomized (by the 
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method of Firor [1933]) some time before the determinations in order 
to ensure that no hypophysial oxytocic hormone should be circulating 
in the blood during the measurements in vivo, thus providing conditions 
as similar as possible to those obtaining for the isolated muscle. The 
animals were injected for various periods with cestrin or with cestrin 
followed by corpus luteum extract. The former treatment increases the 
reactivity of the uterine muscle to oxytocin [Robson, 1933c], while the 
luteal hormone has an opposite effect, rendering the uterus insensitive 
to oxytocin [Knaus, 1930; Robson and Illingworth, 1931]. By com- 
binations of the two ovarian hormones a variety of conditions, corre- 
sponding to different physiological states, was produced in different uteri 
which showed a wide range of reactivities to oxytocin. 

Following a period of treatment the animals were operated on under 
ether anesthesia. The abdomen was opened and material for determina- 
tions in vitro was removed from one horn, while the other horn was used 
for the records in vivo. Pieces for histological study were usually re- 
moved from both horns. In fourteen experiments the reactions of the 
longitudinal muscle only were studied in vitro (the determinations being 
performed on two uterine pieces in all cases), while in the other thirteen 
experiments the reactions of both the circular and longitudinal muscle 
were recorded by the Trendelenburg technique on one of the pieces, 
in order to determine whether any differences exist between the activities 
of the two muscle layers, The glass cannula used in the Trendelenburg 
experiments was introduced into the uterine lumen (the organ being still 
in situ) through a small incision and tied in position. Warm Ringer-Locke 
was then passed through and allowed to escape through another small 
incision. A suitable length of uterus was then tied off (this length being 
similar to that used for the measurements in the other horn én vivo), 
rapidly separated from its mesometrium and the remainder of the uterus, 
and put into the bath. Thus the muscle was separated from its blood 
supply for only a very short time before immersion in the oxygenated 
solution. 

For the determinations in vivo the cannula was introduced through 
the vagina and cervix and tied in the vaginal end of thé uterus. Warm 
solution was then perfused through the cannula and allowed to escape 
through a small incision at the ovarian end of the uterus. .A suitable 
length of the organ (about one-third of the horn connected to the cannula) 
was then tied off. The cannula was connected to a reservoir partly filled 
with saline and the upper end of this reservoir communicated with an 
air tambour recording on a smoked drum. The intra-uterine pressure 
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could be varied by movements up and down of the reservoir. The re- 
cording of the circular muscle in vitro was similar, except that in most 
of the experiments a volume recorder was used instead of a tambour. 

At the end of the operation the abdomen was partly closed and the 
administration of the anesthetic ceased. In the great majority of experi- 
ments the records could be obtained with no further anesthetic, as the 
animals remained quiescent. In a few animals (that had not been 
hypophysectomized) it was found necessary to give a small dose of ether 
occasionally during the recording. 

It was intended to maintain the intra-uterine pressure at a constant 
level of 10 cm. of water in the experiments in vivo, but it was found 
difficult to keep this level constant, presumably owing to changes in the 
tone of the uterus; and alterations in the pressure were allowed to occur 
in preference to the fairly frequent interferences with the recording 
system that would have been necessary, There is thus a fairly marked 
variation in the intra-uterine pressures for the different animals. With 
the isolated pieces the intra-uterine pressure had to be kept considerably 
lower, as more than 3—4 cm. of water usually distended the uterus beyond 
the physiological limit. Apparently, when removed from its connections 
in the body, it is deprived of some mechanism which allows it to maintain 
tone against internal pressure. 

The isolated pieces were immersed in oxygenated Ringer-Locke solu- 
tion kept at 37-5° C. in 100 c.c. containers. Most of the animals weighed 
appreciably under 2 kg. at the time of the experiment, so that the blood 
volume would not be far from 100c.c. (except in the one immature 
rabbit). Hence the quantities of oxytocin added to the bath and injected 
intravenously are more or less directly comparable. Commercial pitocin 
and a specially purified preparation of the oxytocic hormone of the 
posterior pituitary lobe, kindly supplied by Dr White, of Parke, Davis 
and Co., were used. 

Crystalline ketohydroxycestrin (B.D.H.) was injected subcutaneously 
either in solution in oil or in 10 p.c. alcohol. The full details of the 
injections are not given here, as the relation between cestrin administra- 
tion and uterine reactivity has previously been fully discussed [Robson, 
1933¢, 1935]. Three extracts of the corpus luteum were injected, namely : 

(1) A crude extract, prepared by the method of Robson and I[Iling- 
worth [1931]; 1-6kg. of bovine corpora yielded some 90c.c. of extract. 

(2) Rather purer extracts, in solution in oil, kindly supplied by 
Dr A. Macbeth, of Organon, Ltd. These extracts were standardized in 
the immature rabbit by the method of Clauberg (by organon). 
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(3) In one animal (Ra 513) an extract in solution in benzene was 
used, (This was also supplied by Dr Macbeth.) 
_. Dried anterior pituitary powder (horse), for which I am indebted to 
Dr A. 8. Parkes, was in suspension in saline 
into one animal. 


RESULTS, 


- The full experimental data are given in Table I. All the animals 
were either hypophysectomized or ovariectomized with the exception 
of the immature rabbit (Ra 503). Nine animals received cestrin injections 
over various periods, while seventeen were given cestrin plus corpus 
luteum extract. Ra 525 received a total of 90 mg. of horse pituitary 
powder intravenously, the first injection of 10 mg. being given 4 hours 
after removal of the pituitary, and 10 mg. in the morning and evening 
of the ensuing 4 days. Luteinization and hormone secretion were induced 
in the ovaries of this animal. 

The reactivities of the uterine muscle observed in the different ex- 
periments showed a considerable range of variations; thus 0-005 unit of 
oxytocin per 100 c.c. caused a contraction of the uterus in some cases, 
while in others 1-0 unit either produced no effect or caused inhibition of 
the uterine muscle. The data show (Table I) that in twenty-four out of 
twenty-seven experiments the minimal doses of oxytocin that were 
effective when added to the bath or when injected intravenously respec- 
tively agree within fairly close limits, the differences observed being 
probably within the limits of experimental error. When the circular 
muscle was investigated in vitro its reactivity to oxytocin was (with one 
exception) similar to that of the longitudinal muscle. Figs. 1 and 2 
illustrate these findings. Fig. 1 demonstrates the motor effects of small 
doses of oxytocin both én vitro and in vivo on the uterus of an animal 
(Ra 521) previously treated with cestrin, while the absence of a motor 
reaction to a large dose of the posterior lobe hormone both in the isolated 
muscle and in the intact animal are demonstrated in Fig. 2 (rabbit 503, 
treated with cestrin and corpus luteum extract). 

In three animals (Ra 495, 499, 481) there is a discrepancy between 
the results in vitro and in vivo. In two cases the intravenous injection 
of 0-5 unit of oxytocin caused a contraction of the muscle, while the 
addition of 1-0 unit to the bath produced inhibition of the isolated 
muscle. In another case (Ra 481) the contrary was observed, as the 
intravenous injection of 0-5 unit had no effect while the addition of 


0-2 unit to the bath produced a contraction. Siti cose 
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Fig. 1. Showing the responses to oxytocin in vitro and in vivo of the uterus of an anima] 
(Ra 521) treated with cestrin. 

Upper tracing: in vitro. Trendelenburg Contractions, of circular 
muscle shown above, A, 0-01 unit of oxytocin added to bath. B, 0-005 unit. Solution _ ~ 
changed after each addition of drug. 4 

Lower tracing: in vivo. A, 0-02 unit of oxytocin injected intravenously. B,0-01 
unit. C, 0-005 unit. 

iT Pressure level in cm. shown on extreme right-hand strip. Time intervals = 1 min. 


Fig. 2. Showing the responses to oxytocin in vitro and in vivo of the uterus of an animal 
(Ra 503) treated with cestrin and corpus luteum extract. 
First tracing: in vitro. Trendelenburg registration. Contraction of circular 
muscle shown above. A, 1-0 unit of oxytocin added to bath. 


Second tracing: in vivo. B, 1-0 unit of oxytocin injected intravenously. moe 
relaxation. 


Pressure level in cm. shown on extreme right-hand strip. Time intervals =1 min. 
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obtained in animal Ra 495 in which oxytocin produced inhibition in vitro 
and contraction in the intact animal. — 

In one experiment the longitudinal and circular muscle, studied mn 
vitro by the Trendelenburg method, failed to react to the same dose 


Fig. 3. | | Fig. 4. 


Fig. 3, Illustrating the occasional occurrence of discrepancy between the responses to 
oxytocin in vitro and in vivo (Ra 495). 
Upper tracing: in vitro. Longitudinal muscle. Signal: 1-0 unit of oxytocin added 
to bath. 
Lower tracings: in vivo. A, 0-5 unit of oxytocin injected intravenously. B, 1-0 unit. 
Pressure level in cm. shown on extreme right-hand strip. Time intervals =1 min. 
Fig. 4. Illustrating a difference between the reaction of longitudinal and circular muscle 
to oxytocin (Ra 513, the only case in which this was observed). 

Upper tracing: in vitro, Trendelenburg registration. Contraction of circular 
muscle shown above (to be moved 8 mm. to the right for correct alignment). Signal: 
0-5 unit of oxytocin added to bath. 

Lower tracing: in vivo. Signal: 1-0 unit of oxytocin injected intentrenounly. 

Pressure level in cm. shown on right-hand strip. Time intervals =1 min. 


of oxytocin. For the addition of 0-5 unit of the hormone to the bath 
containing the uterine piece removed from animal Ra 513 did not produce 
any motor effect on the longitudinal muscle though a small contraction 
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‘of the circular muscle ensued (Fig. 4). It is noteworthy that the other 


horn of the same animal, studied in situ, was unaffected aig the intra- 
venous injection of 1-0 unit of oxytocin. 


Spontaneous activity. 


The spontaneous rhythmic activity exhibited on vitro wiki in vivo was 
recorded and measured directly on the tracings, the figures given (Tables 
I, II and IT) being actually the heights of the contractions in cm. It is 
realized that in the records from the organ in situ differences in the 
internal pressure used in the experiments do to some extent account for 
the differences in the heights of the rhythmic contractions; but observa- 
tions on the effects of variations in pressure during the course of some 
experiments suggest that, within the limits of pressure used, this factor 


is probably not. important in the evaluation of the significance of the 
given data. This does not, however, apply to the measurements in vitro 
of the contraction of the cireular muscle; for here, on the contrary, 


TABLE ~ Showing the relation between the spontaneous rhythmic activity 


_. exhibited in vitro and in vivo, 
Spontaneous activity 
In vitro 
Ra Longitudinal Circular In vivo 
513 100 0-5 0-5 
514 9-5 2:8 4:5 
485 7-6 4-0 
524 6-0. 17 1-7 
476 5-9 _— 1-7 
499 55 0-5 
497 5-2 1-7 
523 5-1 5-0 5-0 
505 4-7 0-2 0-4 
42 0-7 
493 4-0 45 
474 3-7 es 1-7 
509 3°5 15 0-3 
492 2-7 — 2-0 
483 2-5 — 4-0 
470 2-5 0-4 
521 1:8 0-5 4-0 
495 1-7 — 0-5 
494 16 — 0-5 
502 1-4 0-5 0-5 
500 1-4 0-4 0-5 
481 1-2 — 13 
520 1-2 0-3 2:7 
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comparatively small variations in pressure occasionally produced quite 
marked differences in the height of the spontaneous contractions. __ 

The data show that the spontaneous rhythmic activity exhibited 
in vivo is more marked in the animals treated with cestrin than in those — 
receiving cestrin followed by corpus luteum extract, though some rhythmic 
contractions were observed in all the experiments. It is noteworthy that 
marked spontaneous uterine activity occurred in animals in which the 
pituitary gland had been completely removed. Quite marked contrac- 
tions were observed in animals treated with corpus luteum extract, and 
indeed in one animal (Ra 493) spontaneous contractions were as marked 
as the maximum contractions seen in animals receiving cestrin alone 
(see animal Ra 514). Nevertheless, all the animals treated with the larger 
doses of luteal extract and also showing a progestational reaction of + + 
or more (Ra 500, 509, 505, 495, 499) exhibited very little rhythmic 
activity when the measurements were performed in vivo, and this also 
applies to the animal (Ra 525) in which luteinization was produced by 
the injection of pituitary substance. 

Marked spontaneous contractions of the longitudinal muscle were 
observed in vitro not only in some animals treated with cestrin alone but 
also in some of those receiving cestrin plus corpus luteum extract, e.g. 
rabbit Ra 499 which received 8 c.c. of crude extract; the uterus of this 
animal showed quite large contractions in vitro though the activity 
' om vivo was only small. In order to determine whether there is any 
relation between the rhythmic activity exhibited by the uterus in vivo 
and in vitro all the data have been collected in Table II; examination 
of the records suggests that uteri which show little activity in vivo also, 
on the whole, exhibit smaller contractions in vitro though marked indi- 
vidual variations exist. This question is, however, further dealt with in 
the discussion. 

With regard to the movements of the circular muscle in wiro as 
compared with those in vivo such marked variations occurred that the 
significance of the data is difficult to interpret, and it seems possible that 
variations due to the internal pressure have not been sufficiently investi- 
gated in the excised preparation. 


DIscussION. 


The results of these experiments show that, in the great majority of 
cases, the minimum doses of oxytocin capable of causing contraction of 
‘ the uterine muscle are the same whether the drug is acting in vitro or 
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in vivo. Yet in three out of twenty-seven experiments discrepancies 
between the results on the isolated muscle and in the intact animal were 
observed: the question then arises whether these are due to differences 
in the behaviour of the uterine muscle when suspended in oxygenated 
Ringer-Locke or receiving its normal blood supply, or whether they are 
capable of another explanation. 

At least two explanations of occasional differences in the reaction of 
uterine muscle to oxytocin in vitro and in vivo are possible, namely: 

(1) When two pieces are removed from one animal and both investi- 
gated i in vitro it is not unusual to find that their reactivity to oxytocin 
is not identical and occasionally the discrepancy may be quite marked. 
This suggests that the effect of the sex hormones is not always exactly 
the same on all parts of a given uterus, a conclusion supported by the 
finding of McPhail [1934] who found that in the rabbit the endometrial 
proliferative reaction to progestin may vary in different parts of a given 
uterus. Hence it seems possible that when the uterine reactivity of an 
animal is simultaneously studied in vitro and in vivo occasional dis- 
crepancies in the results obtained with those two methods may be due 

to differences in the reactivities of the various agin of the uterus 
investigated. 

(2) Since the im records essentially the contrac- 
tions of the circular muscle, whilst im vitro the contractions of the longi- 
tudinal muscle are determined, an agreement between the results given 
by these two methods can only be expected if the reactivities to oxytocin 
of the longitudinal and circular layers of muscle are the same. The 
experimental data show that this is usually, though not invariably, the 
case, the exceptional finding in animal Ra 513 providing another possible 
explanation for occasional discrepancies between . the results observed 
in vitro and in vivo. 

It seems therefore very likely that, in so far as the reaction to oxytocin 
is concerned, the uterine muscle behaves in a similar manner when it is 
investigated in the intact animal or suspended in physiological solution. 
Furthermore, in the experiments described, the blood volume with which 
the dose of hormone injected was diluted was similar to the volume of 
the Ringer-Locke solution in the containers, and it therefore follows 
that the effective concentration of oxytocin necessary to cause contrac- 
tion of the uterine muscle was independent of the conditions under which 
the muscle is being studied. This conclusion is in agreement with that 


previously arrived at by Knaus and Clark [1925] in their experiments 
on the uterus of the rat. 
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Since a large number of the investigations on the physiology of the 
uterus have included experiments on the longitudinal muscle in vitro, 
the question now arises how far the results of these experiments are valid 
for the whole organ in the intact animal. From the present investigation 
it appears that the minimum effective dose of oxytocin in oxygenated 
solution offers, in the great majority of experiments, an accurate indica- 
tion of the dose necessary to cause contraction of the uterus in the intact 
animal. But the possibility that some factor may influence the uterine © 
reactivity to oxytocin i vivo without affecting the reactivity in vitro 
(or vice versa) cannot be excluded. 

The study of the rhythmic activity exhibited by the muscle under | 
different conditions is of interest. 

In the first place the uterine muscle may show large regular con- 
tractions in the complete absence of the posterior pituitary lobe; this 
applies not only to the isolated muscle, as is clear from much previous 
work also, but equally to the uterus with its normal blood supply i in the. 
hypophysectomized animals. Moreover, since these contractions in vivo 
were not appreciably different in the ovariectomized and hypophysec- 
tomized animals, they are, to a great extent, independent of any pituitary 
oxytocic hormone circulating in the blood. It must, however, be empha- 
sized that this conclusion only applies within the limits of the experi- 
mental conditions described and may, for example, not be valid for the 
activity of the uterine muscle during pregnancy and parturition. This 
question is now being further investigated. 

In the second place certain deductions regarding the action of the 
ovarian hormones on the contractions of the uterus can be made. Thus 
the injection of cestrin is followed by marked contractions of the muscle 
studied in vivo, a result similar to that obtained in vitro [Ro bson,1933c] 
and in harmony with the data of Reynolds [1931] on the uterine fistula. 

On the other hand, the uteri from animals treated with corpus luteum 
extracts showed a smaller degree of spontaneous activity in vivo than 
those from rabbits injected with cestrin alone. This difference might be 
due to the fact that in the latter experiments the uterus was studied 
immediately after the termination of the cestrin treatment, while in the 
former an interval of several days (during which the luteal extract was 
being injected) elapsed between the cessation of cestrin treatment and 
the determination of the uterine contractions. That this is not, however, 
the only factor involved is shown by the fact that the spontaneous 
activity exhibited in vivo is very appreciably less in animals receiving 
Be doses of luteal hormone in the interval following cessation of cestrin 
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treatment than in those receiving smaller amounts (groups 2 and 3 in | a 


Table I). It would thus appear that the luteal extracts exert an in- 
hibiting effect on the contractions of the uterine muscle i» vivo, though 
fairly large doses of hormone have to be administered before a marked 
inhibition of the rhythmic contractions is brought about. It is of interest 
in this connection to note that Reynolds and Allen [1932] were able 
to inhibit the uterine contractions which usually follow cestrin injections 
by a previous treatment of the animals with luteal hormone. 

On the other hand, the spontaneous contractions exhibited in vitro 
are not appreciably different in the various groups, and it can thus be 
~ concluded that the inhibitory action of the luteal extracts on the uterine 
movements is no longer effective when the muscle is removed from the 
body. In this respect the action of the luteal extract is different from 
that which it exerts on the reactivity to oxytocin which is —" 


effective in vitro and in vivo. 


Tase III. Showing the spontaneous activities exhibited in vivo and in vitro 
and their relation to the ovarian hormones injected. 


R.U. =rabbit unit. 
Animals injected with cestrin and Animals injected with 
corpus luteum extract, cestrin only. 
Spontaneous activity weer activity 
In vitro In vitro 
Animal ——— Dose of Animal 
No. In Longi- luteal No In Longi 
Ra vivo tudinal Circular extract vivo tudinal Circular 
513 0-5 10-0 0-5 8 R.U. 514 4:5 9-5 2-8 
485 4:0 7-6 
476 1-7 59 2 R.U 524 1-7 6-0 1:7 
499 0-5 5-5 — 8 c.c. 
497 1-7 4-2 —_ 6 c.c. 523 5-0 5-1 5-0 
505 0-4 4:7 0-2: 7 516 3-5 4-5 3°5 
477 0-7 4-2 — 4R.U. 
4:5 4-0 6 R.U. 
474 1-7 3-7 — 2R.U 
509 0-3 3°5 1-5 7 c.c 
492 2-0 27 6 R.U 483 4:0 2-5 
470 0-4 2-5 — 2 R.U §21 4:0 18 0-5 
495 0-5 1-7 — 7 c.c 
494 0-5 1-6 6 R.U. 
502 0-5 1-4 0-5 1-5 R.U. 
500 0-5 1-4 0-4 7 c.c. | 
481 1-3 1-2 — 4R.U. 520 2-7 1-2 03 


515 18 - 04 0-3 


The relation between the rhythmic activities exhibited in vivo and 
in vitro in animals treated with cestrin alone and with cestrin followed 
by corpus luteum extract is evident from Table EIT and the ain permit 
of the ii, generalization. 
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(Estrin increases the rhythmic contractions of the organ in the intact 
animal and this is still observed when the muscle is removed from the 
body and the activity of the longitudinal muscle recorded. A luteal 
hormone decreases the contractions of the uterus in vivo (especially in 
large doses), but this inhibitory action is no longer seen when the con- 
tractions of the isolated longitudinal muscle are determined. The nature 
of the luteal factor involved and its relation to the hormone acting on 
the reactivity of the uterine muscle to oxytocin (and to progestin, the 
hormone responsible for the endometrial reaction) are not, at present, 
clear, but it is hoped to obtain further information on these questions 
by experiments with synthetic luteal preparations. | 


SUMMARY. 


A number of hypophysectomized and ovariectomized rabbits were 
treated with cestrin or with cestrin followed by corpus luteum extract, 
and the following examinations of the uterus were then made: (1) re- 
activity to oxytocin and spontaneous rhythmic activity of the organ 
in vivo; (2) reactivity and spontaneous rhythmic activity of the longi- 
tudinal and circular muscle in vitro; (3) histological state. 

In most of the experiments the reactivity to oxytocin was the same 
(within the limit of experimental error) for the uterine muscle in the 
intact animal and for the muscle suspended in physiological solution. 
The significance of the exceptions is discussed. It is concluded that the 
results obtained with the longitudinal muscle in vitro offer, in the great 
majority of the experiments, an accurate indication of the state of the 
uterus in situ. 

(Estrin increases the rhythmic activity both in vitro and in vivo, but 
the inhibitory action of a luteal hormone on the spontaneous contractions 
is only observed in the intact animal. 


The expenses of this investigation were defrayed by grants from the Medical Research 
Council, the Royal Society and the Moray Fund of the University of Edinburgh. 
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SEPARATION OF THE PUBIC BONES FOLLOWING 
THE ADMINISTRATION OF CESTROGENS. 
TO MALE MICE. 


By HAROLD BURROWS. 
(Research Institute, The Cancer Hospital (Free), London.) 


_ (Received June 3, 1935.) 


His w [1925] showed that absorption of the pubic bones, such as occurs 
naturally in the female pocket gopher (Geomys bursarius) at the breeding 
season, could be brought about also in castrated males of that species by 
repeated intraperitoneal injections of a saline extract of sows’ ovaries. 
Courrier [1930] found that the separation of the pubic bones which is 
present normally at the end of pregnancy in the guinea-pig, could be 
maintained afterwards by repeated injections of “hormone folliculaire”’ ; 
and Brouha [1933] observed that, apart from pregnancy, the daily in- 
jection of 8-10 rat units of “‘folliculine’ into young female guinea-pigs 
would cause a slight separation of the symphysis pubis after 8-10 days. 

As a supplement to those experiments it may be of interest to record 
a comparable phenomenon which has been seen at this Institute in both 
castrated and non-castrated male mice and in non-castrated females. 
Observations have not been made on castrated females. When such mice 
have been subjected to biweekly applications of cestrone or equilin 
(0-01-0-1 p.c. in benzene) to the skin of the back for a sufficiently pro- 
longed period they often show a separation of the pubic bones which 
are found to be united only by a band of fibrous tissue. At the same 
time the rami of the ischium and os pubis are more slender than in 
normal mice. The phenomenon does not occur in a pronounced degree 
in every mouse so treated, and it may be that the age at which the 
administration of cestrogen is begun is an important factor. In most of 
the mice on which our observations have been based, the applications 
of cestrogen were commenced when the mice were not quite mature, that 
is to say when they were 5-6 weeks old, and in the males the testicles 
had not yet descended into the scrotum. The separation between the 
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Fig. 1. Pelvis of untreated female mouse ’ Fig. 2.- Pelvis of untreated male mouse 
between 7 and 8 months old. between 6 and 7 months old. 


Fig. 3. Pelvis of non-castrated male mouse 7 months old, subjected to biweekly applica- 
tions of cestrone for a period of 153 days. The gap between the pubic bones measures 
3mm. Mouse 443. 

- All the radiograms were taken after death, and after removal of the sacrum. 
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pubic bones has usually been slight, but may be as much as 3 mm. as 
in the case illustrated (Fig. 3). 

Radiograms taken from normal adult female and mame mice are shown 
for the purpose of comparison (Figs. 1, 2). : 

A special point of interest is that the pubic bones of female mice do 
not normally separate to facilitate parturition as they do in on gopher and 


guinea-pig. 


SuMMARY. 


Diminution in size and separation of the pubic bones have been found 
in castrated and non-castrated male mice and in non-castrated female 
mice following the prolonged administration of oestrone and equilin. 


The estrone and equilin used in these experiments were pure compounds, very 
generously placed at our disposal by Dr Girard. 


REFERENCES. 


Brouha, L. (1933). C. R. Soe. Biol., Paris, 113, 406. 
Courrier, R. (1930). Proc. 2nd Internat. Congress Sex Research, London, p. 352. 
Hisaw, F. L. (1925). J. exp. Zool. 42, 411. | 


2 
“a 
wea 
ea 
a 
é 
x 
7 
‘ 


| 612.018:612.39 


THE EFFECT OF FOOD AND OF EXHAUSTION 
ON THE PITUITARY, THYROID, ADRENAL 
AND THYMUS GLANDS OF THE RAT. 


DOROTHY H. ANDERSEN. 


_ (From the Department of Pathology, College of Physicians and Surgeons, 
Columbia University, New York City.) 


(Received June 11, 1935.) 


Tux weight of the adrenal tissue of a rat is extremely variable. In our 
experience it ranges from 22 to 64 mg. in untreated rats aged from 


_ 4 to 6 months. Attempts to correlate the adrenal weight with various 


physiological and pathological conditions have shown that in our colony 
the highest figures are found in rats dying of spontaneous infections of 
the lungs or middle ears. Since they eat but little during the week before | 
death, the starvation changés must be considered [McCarrison, 1921]. 
We have previously demonstrated that in the female rat the adrenal 
weight increases during oestrus [Andersen and Kennedy, 1932], is 
less great in animals having prolonged or irregular cestrous cycles, and 
_ decreases during pregnancy and after spaying [Donaldson, 1924; 
Andersen and Kennedy, 1933]. If infected rats are eliminated, the 
males considered separately and the female rats grouped according to 
the phase of reproductive activity, the probable error of the mean adrenal 
_ weight is approximately the same, 2-4 p.c., for each group. Donaldson 
and Meeser [1932, 1933] found that exercise over prolonged periods 
produces adrenal hypertrophy. In the course of our studies on the 
cestrous cycle, we found that the adrenal weight changes rapidly, alter- 
ing by 10-20 p.c. in 24 hours, It therefore seemed possible that it might 

change significantly in still shorter periods, and that a hearty meal or an 
"Increase in activity for one day might result in hypertrophy. 


TECHNIQUE. 
Feeding experiment. 


Twenty male rats were used. The rats were 96-111 days of age, of 
the same strain, bred in our colony on a constant diet and paired by 
weight. All the rats were starved for 24 hours, but allowed water. They 
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__were then weighed. One of each pair was killed and the other was given 
-% an abundance of food consisting of equal parts of chopped meat, and 
the stoek diet, with a leaf of lettuce. They ate greedily and consumed 
more than rats usually do at one time. The eccond group was killed — 
3 hours after having been fed. 
. The rats were killed with chloroform and the endocrine glands dis- 
| _ sected out and weighed in a closed weighing bottle. The lungs and ears 
were inspected for infection and the three infected rats were eliminated 
from the calculations, leaving eight rats in the starved group and nine in 
the fed group. Mature motile spermatozoa were found in the epididymis in 

: each of the uninfected rats. The relative weights of the organs of the fed 
group were calculated on the basis of the body weight before feeding, 

{ since they gained 6-8 g. of weight because of the ingested food. 


Exercise. 


The exercise was provided by a simple apparatus built after the on 
of a Ferris wheel. A cage was constructed of two disks of sheet zinc, 
| | jomed by an 8-in. strip of wire netting, 4-in. mesh. The zinc and netting 
' were fastened together by tie wire which was run through a series of 

- small punch holes around the periphery of the disks. The disks were held 
in a vertical direction by a rod fastened securely through the centre of 
each and supported by a wooden frame. The rod was attached to a 
motor by a series of gears, so arranged that the cage made four revolu- 
tions a minute. The circumference of the wheel was 57}in. The rat 
was placed in this revolving cage by a sliding panel in the side.of one 

of the disks. It was compelled to move at approximately the pace of 
. 11 ft. per minute or 670 ft. per hour, or a total of 2680 ft. in the 4 hours 

of the experiment. The pace is, of course, slower than that usual to a 
rat, but a number of preliminary experiments demonstrated that after 

the first half-hour the rat was only thrown about in a more rapidly 

| . moving wheel. Twelve preliminary experiments were performed in order 
ky to find the most satisfactory method of giving the rat a maximum 
amount of muscular exertion for the longest period of time. The follow- 
ing plan was adopted. The rat was kept in the moving cage for eight 
half-hour intervals with half-hour periods of rest between. During the 
rest periods it was moved to a cage with food and water. After two or 
: three exercise periods it spent the half-hour of rest huddled up and 
} motionless, and showed no interest in the food and water. After the 
| exercise periods were completed the rat was removed to its usual cage, 
and there it remained motionless and appeared semi-comatose. The 
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weight loss was 1-16 g., on the average 9 g., and the weight was approxi- 
mately the same after the exercise as on the following two mornings. 
The rats remained apathetic to the end of the experiment, 40 hours after 
exercise. There was a great variation in the degree of-fatigue, and a few 
gets permitted themselves to be rolled about in the cage during the last 


half-hour, while most of them continued to walk at the necessary pace.. 
In the former case the wheel was stopped and the rat was headed in the | 


correct direction, after which it was usually able to continue walking. 
Male rats between 90 and 97 days of age were used. In all, seventy- 
five rats were included in the experiment, of which twelve were used for 
preliminary experiments and fourteen were eliminated because of infec- 
tions found at autopsy. Of the forty-nine remaining rats, twelve were 


controls and thirty-seven were exercised and killed at various intervals — 


thereafter. All rats were of the same strain, bred in the laboratory under 


- the same conditions, and kept on the constant diet used in our other 


experiments. The autopsy procedure was the same as that described 
above for the experiment on feeding. The adrenals of six rats from each 
of the following groups were serially sectioned and stained with hema- 
_toxylin and eosin: control; exercised and killed after 16 hours; exercised 
and killed after 40 hours. Frozen sections stained with Scharlach R were 
prepared from the adrenals of six control rats and six rats of the 16-hour 
group. The thymus glands from six controls, six rats killed 16 hours after 
exercise and six rats killed 40 hours after exercise were sectioned and 
stained with hematoxylin and eosin. 


Data. 
Feeding. 


The data in regard to the endocrine weights are recorded in Table I. 
The only difference which appears significant is that in the adrenal 
glands, However, the probable error of the difference between the mean 


adrenal weights of the starved and fed animals was calculated and found 
to be 7-1 mg. The Bre = M, =i is 1-9. Therefore no significant differences 


in the weights of the endocrine glands have been demonstrated in rats 
starved 24 hours and killed 3 hours after a hearty meal as compared with 
rats starved 24 hours. 

Both of these groups of animals had smaller thyroids than the con- 
trols which were not starved. This difference may be due to seasonal 
changes, since the starvation experiment was done in the fall and the 
exercise — in the spring. | 
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a. * ‘Taste I. The effect of feeding and of exercise to exhaustion on the weights of the 
a. endocrine glands of the male rat. 


Uninfected rats only, The relative weights are calculated on the basis of the body weight after starving and before 
feeding in groups I and II; and on the body weight before exercise in groups III-VI. The probable error of 
the mean weight is given for each organ of each group. 


rats days g. Pituitary Thyroid Adrenal Thymus Pituitary Thyroid Adrenal Thymus 
Group I. Starved 24 hours: 

8 96-111 28246 8040-1 22-4410 35-4410 274420 346408 928441 153-845-2 1180+77 
Group II. Starved 24 hours. Fed and killed after 3 hours: , 
9 , 23545 83402 21-5408 32-841-1 308423 35-4406 922438 1401448 1300+74 
Group III. Exercised and killed at once: 
| \ 6 90-07 21247 T6402 306417 34-4414 243421 35-9407 143-445°7 1629468 1132486 
Group IV. Exercised and killed after 8 hours: | | 

12 29:8 33-1 25:3 33-9 141-9 156-9 
Group V. Exercised and killed after 16 hours: 

» 22045 78402 268412 84610-7 293413 355406 1213442 1502447 

Group VI. Exercised and killed after 40 hours: 

78403 27-8410 333407 18849 363406 1302430 1573442 
| Controls: 
T5402 29-6409 90-9409 297411 340406 1335425 1393427 


Exercise. 


The pituitary and thyroid show insignificant variations in wwiteie after 
= exercise. However, the adrenal and thymus show significant changes. 

: The adrenal hypertrophies, and the increase is apparent in the group 
\ killed immediately after the exercise and is still present at 40 hours. The 
thymus atrophies, but this nee ss is not found until 40 hours after the 


exercise. The calculated for the relative weights is as fol- 


lows: Adrenal: M, =exercise and kill at once; M, =controls, 3-7. Thymus: 
a M,=exercise and kill after 40 hours; M,=controls, 16. In Table I the 
| significant figures are in heavy type. 


Histological changes. 

In the adrenals i rats killed 16 hours after exercise there is a widening 
of the cortex and an increase in the size and lipoid content of the reticular 
zone and of the inner portion of the fascicular zone. The inner third of 
y the cortex contains very little lipoid in the controls, but the lipoid 1s 
found throughout the cortex in the exercised animals, although the 
droplets are somewhat larger in the outer portion (Figs. 1 and 2). 
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There is a slight decrease in the width of the zone of thymocytes in 
the atrophied thymus glands of the rats killed 40 hours after exercise. 
No other changes were found. 


Fig. 1. Adrenal cortex of a rat killed 16 hours ‘Fig. 2. Adrenal of normal control. 
after the exercise period. Scharlach R. Scharlach R. 
Discussion. 


It is evident that the variations in the weights of the endocrine glands 
are not produced by brief starvation or a recent large meal. This is of 
interest in that this factor need not be controlled in experiments in- 
volving the weights of these glands. 

The exercise experiment offers food for thought in several regards. 
(1) The adrenal gland is enlarged within 8 hours after the beginning of 
exercise. This confirms our previous observation that it is capable of 
rapid alterations in weight [Andersen and Kennedy, 1932]. (2) The 
hypertrophy is associated with exhaustion of the animal, which leads one 


to the concept that hypertrophy of the adrenal with increase of cortical 


lipoid may be correlated with increased cortital activity and perhaps 
exhaustion of the gland. (3) Rats dying of spontaneous infections show 


similar but more extreme changes (unpublished observation). The ques- 


tion of the relation of fatigue to susceptibility to infection is too involved 
to be discussed here, but this common finding is suggestive. (4) The 
increased activity of cestrous animals described by Wang [1923] and 
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Slonaker [1924] may be a factor in producing the adrenal hypertrophy 

found at oestrus. It is probably not the only factor, because at cestrus 

there is greater hypertrophy, no exhaustion, and an enlargement and 

evidence of increased activity in other glands. (5) The adrenal hyper- 

trophy is not transitory but continues for the duration of the experiment, 
40 hours after the cessation of exercise. The atrophy of the thymus 

| ' suggests accidental involution, but characteristic histological changes are 
not found. 


CONCLUSIONS. 


1. Rats which have eaten a large meal after 24 hours of starvation 
do not differ from starved controls in regard to the weights of the 
pituitary, thyroid, adrenal and thymus glands. 

) 2. Four hours of exercise at intervals over a period of 8 hours pro- © 
duces adrenal hypertrophy in rats by the end of the exercise period. 
This continues for at least 40 hours. The adrenals show widening of the 
cortex withran increase in the lipoid content of the cells of the inner zones. 

3. Thymic atrophy is found 40 hours after the end of exercise. This 
| cannot be correlated with significant histological changes. 

4. No significant alterations in the pituitary or thyroid are found in 
these experiments. 
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EFFECTS OF SODIUM CITRATE ON THE ALKALI 
RESERVE AND COAGULABILITY OF THE BLOOD. 


By DAVID pg SOUZA anp F. D. M. HOCKING. 


(From the John Burford Carlill Laboratories, 
Westminster Hospital Medical School.) 


(Received June 18, 1935.) 


THE injection of sodium citrate into a vein was found by Sabbatani 
[1901] to prevent coagulation of the blood. Weil [1915] showed later 
that if only a small amount of citrate was injected the blood became 
more coagulable. Neuhof and Hirshfeld [1922] increased the coagul- 
_ ability of the blood by the intramuscular injection of sodium citrate, 
and de Souza and Hocking [1934] have shown that this increase is 
associated with a rise in the alkali reserve and is influenced by it. 
As the results of the intravenous injections depend upon the amount 
of citrate injected, and as intramuscular injections are given to make the 
blood more coagulable, it is important to know if the effects of the intra- 
- muscular injections, both on the coagulability of the blood and the alkali 
reserve, show a similar dependence upon the quantity of citrate. This 
has been the subject of our research. 


METHODS. 


The experiments were carried out on cats anwsthetized by intra- 
peritoneal injections of nembutal, 60 mg. per kg. body weight. The 
experimental procedure and the methods of estimating coagulation time 


and alkali reserve were those used in our earlier work. The details of these 


and the precautions to be taken have already been described [1934]. 
In some cases the blood calcium concentration was estimated. The 


method employed was that of Tisdall as modified by Clark and 
Collip [1925}. | 
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REsvtts. 


In the first series of experiments the effects of intramuscular injection 
of small amounts of sodium citrate at equal intervals of time were 
studied. It was realized that they might be cumulative, but there was 
also the possibility that the small quantity of citrate might be so rapidly 
oxidized that the effect, if any, on the coagulability of the blood would be 
like that of intramuscular injection of sodium bicarbonate. On the other 
hand, oxidation before the next injection might be so slow that any 
action on coagulability must be due to some factor other than a change 
in the alkali reserve. 

In the experiments already recorded, the amourit of sodium citrate 
injected was 0-125 g. per kg. body weight, and this always had an 
appreciable effect on the alkali reserve and on the coagulability of the 
blood. In the experiments with, repeated injections the total amount 
injected was the same, but it was given in five injections, each of 0-025 g. 
per kg. body weight, at intervals of 10 min. A sample of blood was taken 
5 min. after each injection, so that the interval between the drawings 
off of two samples was also 10 min. Exp. 1 shows the result. 

Exp. 1. Repeated intramuscular injections of a small amount of sodium 


Control 
Time after first injection — 0 6 10 16 2 2% 30 3&5 40 4 55 
— 1— 2— 3— 4— 56 —- — 
i reserve 56 56 — 57 — — — 6 64 
ion time 38 — 30 — 28 — 23 — 18 — %18 2 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 

The effect was cumulative. The alkali reserve increased slowly from 
56 to a maximum of 65, and the coagulation time diminished from 3:8 to 
a minimum of 1-8. In the first 15 min. the coagulation time diminished 
from 3-8 to 2:8 without appreciable change in the alkali reserve. This 
indicates that some factor besides the change in the alkali reserve affects 


the coagulability of the blood.. 


Experiments of an opposite kind were also performed ‘ in which a 
single injection of a relatively large amount of sodium citrate was given. 
The result must perforce depend upon the rate of absorption and oxida- 
tion of the citrate. Absorption of a sufficient amount should immobilize — 
some or all of the blood calcium and should delay or prevent the clotting 
of the blood, but if absorption is slow, relative changes in the alkali 
reserve and the coagulability of the blood may manifest themselves. 
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Sabbatani [1901] found that, in vitro, three molecules of sodium 
citrate were required to immobilize one atom of blood calcium, and that, 
in the case of intravenous injections, five times that number were needed. 
The concentration of calcium in the blood of the cat may be taken as 
10 mg. per 100 c.c. of blood, or 0-007 g. per kg. body weight. This should 
require, on Sabbatani’s estimate, about 0-135 g. of sodium citrate per 
kg. body weight to immobilize it in vitro, and 0-675 g. per kg. in the case 
of intravenous injection. In the experiments now to be described the 
amount of sodium citrate injected into the muscles was 1-25 g. per kg. 
body weight, ten times that previously used, and nearly double that 
needed to immobilize the calcium by intravenous injection. 

There were two kinds of results, one of which is illustrated by Exp. 2. 
 Eap. 2. Intramuscular ingection of a relatively large amount of sodium 


Control 


Timeafterinjection — 15 22% 36 45 55 
Alkali reserve 50. 6... 52 55 60 61 60 59 
Coagulation time 3°8 3°8 2°5 5-5 6-8 5-3 78 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. | 

The alkali reserve increased from 50 to a maximum of 61 in 35 min. 
and kept near that value. The coagulation time diminished from 3-8 to 
- @ minimum of 2-5 in 15 min. then increased to 5-5, z.e. above the control 
3°8, in the next 10 min., then to 6-8, eventually reaching 7-8 after a swing 
back to 5-3. The value 5-3 was checked by both of us, and a similar 
irregularity occurred in another experiment of a like nature in which 
the coagulation time diminished at first, then increased above the control, 
with a swing back before it rose still more. 

Another feature of this experiment is worthy of note. In all cases in 
which the larger amount of sodium citrate was injected there was twitch- 
ing of the muscles at the site of injection, and in some cases of the muscles 
of other limbs and of the neck. In Exp. 2 the animal, although apparently 
completely anesthetized, entered into a condition of tetany, with carpo- 
pedal contractions. Unfortunately the blood calcium had not been 
estimated in the control blood, as was done in subsequent experiments, 
but an estimation of it in blood drawn off at the end of this one gave 
a low value, 5-2 mg. per 100c.c. In the parallel experiment already | 
mentioned the control blood contained 11 mg. Ca per 100 c.c., and the 
calcium at the end was 10-8 mg. per 100 c.c., and there was twitching of 
muscles but no tetanic spasm. No change in the blood calcium greater 
than this has been observed as the result of these intramuscular injections 
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of sodium citrate. It is therefore probable that the animal in Exp. 2 had 
initially a low blood calcium, and this would account for the production 
of tetany when a small part of the calcium was immobilized by the 
sodium citrate. 
The other kind of result obtained from these relatively large injections 
of sodium citrate is shown in Exp. 3. 
Exp. 3. Intramuscular injection of a relatively large amount of sodium 
Time afterinjection — 5 35 45 
Alkali reserve 50 52 59 60 
Coagulation time 3:8 4-0 5:3 6-3 6-3 5:3 


Time is expressed in minutes, the alkali reserve in eo of CO, per 
100 ¢.c. of plasma. 

The alkali reserve rose from 50 to 60 in 45 min., sai coagulation 
time increased from 3:8 to 6:3 in 25 min. There was no preliminary 
diminution in the coagulation time as in the previous experiment. The 
control blood contained 9-2 mg. Ca per 100 c.c., the final blood contained 
9-1 mg. per 100 c.c. 

These experiments with the larger injections always show a rise in 


the alkali reserve which is, however, not greater than that produced by © 


the ‘intramuscular injection of one-tenth the amount of citrate, so that 
it would seem that the limit of the rate of oxidation has been reached 
even when the smaller quantity is injected. The injection of citrate may 
cause a diminution in the coagulation time followed by an increase up 
to, or more usually beyond, the control value, as in Exp. 2, or may lead 
to an increase beyond this value within 5 min. as in Exp. 3. 


Discussion. 


For this discussion an intramuscular injection of sodium citrate 
0-125 g. per kg. body weight will be taken as a standard for comparison. 
This always increases the alkali reserve and diminishes the coagulation 
time. From the first experiment described here it is evident that the 
same effects can be produced by intramuscular injections of one-fifth 
the amount of citrate repeated at intervals of 10 min. until the same total 
amount is reached. The relationship between coagulability and alkali 
reserve is, however, not as close in this experiment as it is in the case of 
the standard injection. This adds weight to the evidence already found 
that the increased coagulability of the blood produced by intramuscular 
injection of sodium citrate may be due to some factor besides the change 
in the alkali reserve. 
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When the larger injection (1-25 g. per kg. body weight) is given the 
alkali reserve again is increased. This may be accompanied by the 
increased coagulability of the blood usual with the standard injection of 
citrate, to be followed later by a diminished coagulability, as in Exp. 2, 
or the diminished coagulability may show itself at once, as in Exp. 3. 
An obvious explanation of this is that in Exp. 2 absorption was slower 
than in Exp. 3, so that the effects of injection of a small amount of 
citrate were evident before enough citrate was absorbed to immobilize 
the calcium and diminish the coagulability. In Exp. 3, on the other 
hand, absorption was sufficiently rapid to immobilize the calcium early. 

It might be expected that these results would also show a dependence 
upon the initial concentration of calcium in the blood. A low blood cal- 
cium content should be sooner immobilized and lead to a result like 
Exp. 3, whereas a high blood calcium should give results like Exp. 2. 
In Exp. 3 the initial blood calcium was 9-2 mg. per 100 c.c., and in two 
experiments of the type of Exp. 2 it was 10 and 11 mg. respectively, 
differences which though small are in the right direction. In Exp. 2, 
however, it was probably much lower, as the final blood calcium was 
5-2 mg. and the citrate injection produced tetany. This occurred in no 
other experiment, and, while it may have been due in part to the rise 
in the alkali reserve, suggests a low blood calcium. It is therefore difficult 
to see how the actual amount of calcium in the blood can determine the 
early changes in coagulability in these experiments. 

The results, taken all together, show that an intramuscular injection 
of 0-125 g. per kg. body weight may be safely and effectively given to 
increase the coagulability of the blood, but that one of ten times that 
amount eventually diminishes coagulability and may, in certain circum- 
stances, produce tetany. 

SUMMARY. 

1. Repeated small intramuscular injections of sodium citrate have a 
cumulative effect in increasing the alkali reserve and the coagulability 
of the blood. 

2. Relatively large intramuscular injections of sodium citrate increase — 
the alkali reserve and diminish the coagulability of the blood, after in some 
cases an initial increase. 


REFERENCES. 


Clark, E. P. and Collip, J. B. (1925). J. biol. Chem. 68, 461. 

de Souza, D. and Hocking, F. D. M. (1934). J. Physiol. 88, 49. 
Neuhof, H. and Hirshfeld, L. (1922). Ann. Surg. 76, 1. 
Sabbatani, L. (1901). Arch. ital. Biol. 36, 397. 

Weil, R. (1915). J. Amer. med. Ass. 64, 425. 


yy 
we 
| 
i 
i 
4 


612.115.3 


CHANGES IN THE COAGULABILITY OF THE BLOOD 
PRODUCED BY CITRIC ACID AND SOME OF 
ITS DECOMPOSITION PRODUCTS. 


By DAVID pr SOUZA ann F, D. M. HOCKING. 


(From the John Burford Carlill Laboratories, 
Westminster Hospital Medical School.) 


(Received June 18, 1935.) 


From a survey of the literature relating to the production of hyper- 
coagulability of the blood by the injection of citrates, it appears that the 
results have been obtained from experiments with sodium citrate. 
Neither citric acid nor any other of its compounds seems to have been 
much used. As a knowledge of the action of the citric acid molecule and 
its decomposition products might be of value not only per se but also in 
connection with the general problem of blood clotting, we have investi- 
gated the effects of the intramuscular injection of some of these substances 
on the alkali reserve and the coagulability of the blood. 


METHODS. 


_ Cats, anesthetized by intraperitoneal injection of nembutal, 60 mg. 
per kg. body weight, were the subjects of the experiments. The substances 
to be tested were given by injection into the muscles. The methods of 
carrying out the experiments and the estimations have been described 
in detail in a previous paper [de Souza and Hocking, 1934]. 


RESULTS. 


In the first place it was necessary to find out whether the changes 
produced in the blood by intramuscular injection of sodium citrate were 
due entirely to the citric acid molecule or were influenced by the presence 
of sodium in it. For this purpose a series of experiments was carried out, 
in which citric acid was injected instead of sodium citrate. A single 
injection of citric acid, 0-093 g. per kg. body weight, was given, that 
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- being the amount equivalent to sodium citrate 0-125 g. per kg. body 
weight used in the previous investigation. A typical result is shown in 


Con 
Time afterinjection — 5 15 25 35 45 
Alkali reserve 56 57 61 59 59 
Coagulation time 3-5 3-3 2-8 2-8 3-0 33 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 

There was an increase in the alkali reserve from 56 to a maximum of 
61 in 25 min., and a diminution in the coagulation time from 3-5 to a 
_ minimum of 2-8 in 15 min., with an indicated return towards the control _ 
in the former case and an almost complete return in the latter, 45 min. 
after the injection. 

The changes are much smaller than those with sodium citrate but are 
in the same direction. While the citric acid undergoes a certain amount of 
oxidation, it is evident that the presence of sodium in the citrate molecule 
leads to a greater increase in the alkali reserve, and this may account for 
the larger effect-of the sodium citrate on coagulability. 

The action of ammonium chloride in diminishing the alkali reserve 
and increasing the coagulation time has already been described by us 
[1934]. Prof. Lovatt Evans suggested that it would be of interest to 
compare with this the action of ammonium citrate. This has been 
done in experiments on the same plan as the preceding. The amount of 
ammonium citrate injected was 0-118 g. per kg. body weight. Exp. 2 is 
an example. 

Exp. 2. Intramuscular injection of ammonium citrate. 

Control 
Alkali reserve 52 53 55 59 58 58 

Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 

The alkali reserve increased from 52 to a maximum of 59 in 25 min. 
and remained practically at that level for the next 20 min. The coagula- 
tion time fell from 3-8 to a minimum of 2-5 in 15 min. , returning to 3-3 in 
the next 10 min. and remaining there for the rest of the experiment. 

The result is like that from citric acid. The ammonia seems to have 
_ been removed from the citrate, perhaps to take part in the formation of 
urea, leaving the citric acid which has been oxidized to some extent. 
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100 ¢.c. of plasma. 


~ and remained near that value for the rest of the experiment. 
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Attention was directed next to some of the decomposition products of 
citric acid. At present no evidence is available as to which, if any, of those 
examined are formed from the breakdown of citric acid in the body. The 
action of acetone-dicarboxylic acid (CH,COOH.CO.CH,COOH) ~ 
was first studied. Added to blood in a paraffined test-tube it converts 
the hemoglobin into acid hematin and acid hematoporphyrin and 
causes the formation of a gel, which looks somewhat granular and does 
not undergo syneresis. Its sodium compound, formed by dissolving the 
acid in the calculated amount of NaOH solution, does not affect the 
hemoglobin and has been found to prevent the clotting of blood up to 
48 hours. 

In the injection experiments the quantity of acetone-dicarboxylic 
acid put into the muscle was 0-07 g. per kg. body weight, that being the 
amount which would be obtained from 0-093 g. of citric acid, equivalent 
to 0-125 g. of sodium citrate taken as a standard. When the sodium 
compound was used it was freshly prepared from this amount of acetone- 
dicarboxylic acid. Exp. 3 shows the effects of the acid. 

Exp. 3. Intramuscular injection of acetone-dicarboxylic acid. 


Control 

Time after injection — 
Alkali reserve 59 59 60 58 59 ee 
Coagulation time 3-3 18 2:3 3-0 2-8 2:8 

Time is expressed in minutes, the alkali reserve in c.c. of CO, per 


The alkali reserve was not affected. The coagulation time diminished 
from 3-3 to a minimum of 1-8 in 5 min. then rose to 3-0 in the next 20 min. 


This kind of result was obtained in three experiments, but in one 
other the coagulation time increased after the injection from 3-3 to 4-5 
in 15 min. and kept about that level for the next 20 min. It is notable that 
in this case the addition of the acid to the blood in witro did not produce 
the usual granular-looking gel. Instead of this, the blood became thick 
and treacly and was still in this condition after 48 hours. : 

Exp. 4 gives the type of result when the sodium compound was injected. 

Exp. 4. Intramuscular injection of sodium acetone-dicarbocylate. 


Control 
Time after injection — 25 #£«36 45 
Alkali reserve 55 58 60 60 61 62 
Coagulation time 4-0 2-8 4-0 3°5 4-0 3-8 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 


k 
“i 
{ 
} 
J > 
e 
5 
| 
i 
. 
| 
} 
* 
: 
i 
‘ 


a7ee: D. pe SOUZA AND F. D. M. HOCKING. 


Here there was an increase in the alkali reserve from 55 to 60 in 
15 min., showing a tendency to rise slightly in the next 30 min. The 
coagulation time diminished in 5 min. from 4-0 to 2-8 and rose again to 
4-0 in the next 10 min., varying a little round 3-8 for the remaining 30 


min. The lessening of the coagulation time seems always to occur in the 


first 5 min., with a return to the control value 10 min. later. 

As acetone is a product of the breakdown of acetone-dicarboxylic 
acid, a series of similar experiments was carried out with it. The amount 
injected was 0-125 g. per kg. body weight, about 4-5 times the quantity 
equivalent to 0:125 g. of sodium citrate. There was no effect on the 
alkali reserve or on the coagulation time. 

The other decomposition product of citric acid examined was 
aconitic acid (CH,COOH.C.COOH:CHCOOH). The addition of this 
to blood in a paraffined test-tube leads to the formation of a granular- 
looking gel which resembles that due to acetone dicarboxylic acid and 
does not undergo syneresis. The hemoglobin is converted into acid 
hematin. The sodium compound prevents coagulation and does not 
change the hemoglobin. As the quantity of the acid corresponding to 
0-125 g. of sodium citrate is 0-08 g., that was the amount per kg. body 
weight injected into the muscles. Exp. 5 shows the result of an a 

Exp. 5. Intramuscular injection ait acid. 


Control 
Time afterinjection — 5 15 25 35. 46 
Alkali reserve 54 55 56 55 55 56 
Coagulation time 3-0 2-3 3°5 4-0 3-8 38 


Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 
There was practically no change in the alkali reserve. The coagulation 


time diminished from 3-0 to 2-3 in 5 min., then rose above the control 


level to 3-5 in the next 10 min., keeping about 3:8 for the rest of the time. 
In every experiment in which aconitic acid was injected the clotting 


time eventually exceeded the control. Sometimes it did so in the first | 


5 min., at others there was a previous diminution, as in Exp. 5. 

The sodium compound was freshly prepared from aconitic acid in 
the same way as sodium acetone-dicarboxylate from its acid. The results 
of its injection were very consistent and are seen in Exp. 6. 

Exp. 6. Intramuscular injection of sodium aconitate. 
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3 i Time after injection — 5 15 25 35 45 
4 Alkali reserve 47 51 55 58 59 57 
ai Coagulation time 3-5 3°3 1-5 2°5 2-5 2-5 
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Time is expressed in minutes, the alkali reserve in c.c. of CO, per 
100 c.c. of plasma. 

The result is like that of injecting sodium citrate. The alkali reserve 
rose from 47 to 59 in 35 min., and the clotting time fell from 3-5 to 1-5 in 


15 min., rising again to 2-5 in the next 10 min. 


Discussion, 


In discussing the production of hypercoagulability of the blood by _ 
_ intramuscular injection of sodium citrate de Souza and Hocking 


[1934] pointed out that, while it might be due in part to the increase in 
the alkali reserve, there was some other factor besides this, possibly a 
small amount of citrate absorbed unchanged and circulating in the 
blood. The likelihood of its being a decomposition product of the citrate 
molecule was borne in mind and is strengthened by the experiments 
described here. | 

Citric acid, as shown in Exp. 1, increases the alkali reserve and the 
coagulability of the blood, but not to the same extent as sodium citrate. 
The difference must be due to the presence of sodium in the citrate 
molecule, which thus supplies its own base for the formation of carbonate, 
whereas in the oxidation of citric acid to carbonate, base has to be 
obtained from the body. The greater rise in the alkali reserve accounts 
for the greater effect on coagulability. 

Ammonium citrate acts like citric acid (Exp. 2). As in the case of 
ammonium chloride, the ammonia is removed and perhaps goes to form 
urea, but here the alkali reserve is not diminished but increased, as the 
citric acid moiety is oxidized with the formation of carbonate. 

With regard to the decomposition products of citric acid no evidence 
has been found as to which are formed when citric acid is broken down 
in the body. Those studied here, acetone-dicarboxylic acid and aconitic 
acid, are known to be derived from citric acid when it is heated or acted 
upon by sulphuric acid. When injected into the muscles neither of them 
affects the alkali reserve. Acetone-dicarboxylic acid, however, may in- 
crease the coagulability of the blood as in Exp. 3, or in exceptional 
circumstances diminish it. Aconitic acid always diminishes the coagul- 
ability, sometimes after first increasing it, as in Exp. 5. The effects of the 
presence of sodium in the molecule are shown by the injection of the 
sodium compounds of the acids, which always cause a rise in the alkali 
reserve and an increase in the coagulability of the blood as in Exps. 4 
and 6, 
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_ The interesting fact emerges that these two acids, obtained from the 
breakdown of citric acid, can alter the coagulability of the blood without 
affecting the alkali reserve. The further decomposition product, acetone, 
in the amount injected in these experiments, has no effect on either. 


SUMMARY. 
1. Intramuscular injections of citric acid or ammonium citrate 
increase the alkali reserve and the coagulability of the blood, 
2. Intramuscular injections of acetone-dicarboxylic acid or aconitic 


acid do not affect the alkali reserve, but may increase or diminish 


coagulability. ; 

3. Intramuscular injections of sodium acetone-dicarboxylate or 
sodium aconitate increase the alkali reserve and the coagulability of the 
blood. 

4. Intramuscular injections of acetone have no effect on alkali 


reserve or coagulability. 


REFERENCE. 
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- THE ACTION POTENTIAL OF THE SUPERIOR 
CERVICAL GANGLION. 


By J. C. ECCLES. 
(From the Laboratory of Physiology, Ozford.) 
) (Received June 22, 1935.) 


LANGLEY strongly upheld the view that sympathetic ganglia act solely — 


as relay stations in the efferent sympathetic pathway. Thus he showed 
[1900 a, 6] that all the reactions of ganglia which had been regarded as 
due to true reflex activity were pseudo-reflexes dependent on axon re- 
flexes in preganglionic fibres each of which supplied branches to the 
ganglion cells situated in more than one ganglion. Further, he showed 
[1904] that there was no evidence that commissural fibres formed func- 
tional connections between ganglion cells of similar function within a 
ganglion, and the absence of such commissural or internuncial neurones 
was demonstrated histologically by Johnson [1918] in the frog and by 
Ranson and Billingsley [1918] in the cat, and has recently been con- 
firmed by Heusner [1935]. However, Langley [1904, p. 259] was 
careful not to infer that ganglion cells receive branches from only a 
single preganglionic fibre. 

More recently the physiology of the sympathetic ganglion has been 
studied mainly by the three following techniques: 

(1) Comparison between the effects on the end organ (nictitating mem- 
brane) of preganglionic and postganglionic stimulation. Experiments of 
this type by Querido [1924] seemed to provide a confirmation of 
Cannon’s suggestion [1914] that the neurones of the sympathetic ganglia 
transformed the frequency of the impulses reaching them. However, 
Veach and Pereira [1925] and Knoefel and Davis [1933] have 
pointed out that Querido’s results were vitiated by experimental errors, 
so Cannon’s suggestion is at present without experimental support. 
Further evidence against this suggestion is provided by Brown’s [1934] 
more refined experiments, which show that a single maximal pregang- 
lionic volley sets up after a short synaptic delay a single discharge from 
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all the ganglion cells. The relatively refractory period following this 
discharge does not appear to be longer than 15 msec. (a value indicated 
by the effect of an antidromic volley), so the ganglion should be capable 
of transmitting relatively high’ frequencies. 

(2) Comparison of the pre- and postganglionic electrical records. 
Bishop and Heinbecker [1932] have also concluded that a single 
maximal preganglionic volley gives rise to the discharge from the ganglion 
of a single maximal postganglionic volley, but their values for synaptic 
delay and refractory period are much longer than those of Brown. In 
addition they described four groups of preganglionic fibres each of which 
appeared to be in sole functional relationship with a corresponding group 
of ganglion cells in the superior cervical ganglion. Recently Bronk, 
Pumphrey and Hervey [1935] have found that with the stellate 
ganglion a single preganglionic volley sets up a single postganglionic 
volley without any evidence of after discharge. 

(3) Perfusion of sympathetic ganglia. Kibjakow [1933] found that 
the (non-eserinized) perfusate of a ganglion subjected to prolonged stimu- 
lation-would on reinjection stimulate the same or another ganglion, and 
so suggested that a chemical mediator was concerned in the transmission 
of impulses. Using a similar technique Feldberg and Gaddum [1934] 
have been unable to confirm Kibjakow, but on occasion have obtained 
stimulation on reinjection when using an eserinized perfusing fluid. This 
they have shown to be due to acetylcholine, which appears to be liberated 
in the ganglion by preganglionic impulses (cf. Feldbergand Vartiainen, 
1934]. It is suggested by them that under normal conditions the acetyl- 


choline liberated from the preganglionic fibres is a chemical mediator 


exciting the ganglion cells to discharge impulses. 

_ All this work is in general agreement with Langley’s conception of 
the sympathetic ganglia as mere relay stations, and both physiological 
[Bishop and Heinbecker, 1932; Brown, 1934] and histological 
[Billingsley and Ranson, 1918; de Castro, 1932] investigators have 
gone further than Langley and considered that each preganglionic fibre 
ends in relation with its own specific group of ganglion cells, an impulse 
in the preganglionic fibre setting up a discharge from each of the ganglion 
cells. Such a preganglionic-postganglionic connection is under normal 
conditions functionally equivalent to a mere branching of the pregang- 
lionic fibre. A more complex behaviour of ganglion cells is, however, 
suggested by the experiments of Boshamer [1925] [cf. Schilf, 1926], 
which seem to indicate that an autonomous activity of ganglion cells 
develops some hours after section of the preganglionic fibres. 
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The present series of papers describe an attempt to investigate further 
the physiology of the sympathetic ganglion by analysing the ganglionic 
action potentials produced under various conditions, and by comparing 
them with the preganglionic and postganglionic action potentials. Three 
short preliminary accounts of some of this work have already been pub- 
lished [Eccles, 1933; 1934 a, 6]. Apparently the only previous attempt 
to record electrically from sympathetic ganglia was made by Fischer 
and Léwenbach [1933], who describe the irregular series of spike 
potentials associated with the normal activity of the stellate ganglion, 
and state that there appear to be at times slower potential changes 


as well. 
METHOD. 


Almost all experiments have been done on cats decerebrated under 
deep ether anesthesia, sufficient time being allowed (at least 2 hours) 
for the effect of the short anesthesia to pass off. The remaining experi- 
ments were performed on Belgian hares under Nembutal anesthesia 
(40 mg. per kg. body weight intraperitoneally), control experiments on 


cats showing that such anesthesia did not produce appreciable changes _ | 


in the behaviour of the ganglion. Some decerebrate cats in which nicotine 
or eserine was injected were also under Nembutal anzsthesia.. 

The superior cervical ganglion is prepared for recording by careful 
isolation of the postganglionic trunk up to its entry into the base of the 
skull, where it is cut. The ganglion is then isolated from the ganglion 
nodosum and the surrounding tissues, care being taken not to endanger 
its blood supply through the several small arteries which pass to it from 
the region of the carotid sinus. Two fine loops of thread soaked in the 
tissue fluid of the animal are used as leads, one being tied to the post- 
ganglionic trunk, and the other forming a loose ring around the ganglion. 
Fine chlorided silver hooks connect these loops to the input leads of the 
amplifier and in addition lift the ganglion and postganglionic trunk off 
the underlying tissues. The cervical sympathetic is separated from the 
vagus, special care being taken to preserve its blood supply. Two fine 
thread loops moistened in saline are tied loosely around the nerve and 


“serve to lift it up and connect it to the stimulating electrodes. 


In order to minimize the distortion of the slow potential waves a 
resistance capacity coupled amplifier has been constructed with large grid 
leaks and condensers. The deflection produced by a rectangular input 
potential reaches its maximum in about 0-05 msec. (milliseconds) and 
falls off to half in about 1-9 sec. Provided that the output potential does 
not swing more than 40 V. on either side of zero, it bears a practically 
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linear relationship to the input potential, the deviation being less than 
5 p.c. 

A Cossor cathode-ray oscillograph has been used for recording in all 
but the earliest experiments, when a Matthews’ oscillograph was em- 
ployed. By an optical system the spot is focused without magnification 
on to the slit of a plate camera which in recent experiments has been a 
specially designed rising plate type having a maximal speed of 2 metres 

a second. With 850 V. on the gun of the oscillograph sufficient light is 
obtained to photograph at this speed with Golden Isozenith plates (speed 
H and D 1400). At that gun voltage 40 V. between the deflecting plates 
gives a spot deflection of about 15 mm., hence spot deviations up to this 
value are practically proportional to the amplifier input potentials pro- 
ducing them. 

Break induction shocks from coreless coils are used for stimulation, 
the primary circuits being broken by a Lucas pendulum synchronized 
with the camera. The strengths of the shocks are. varied by altering the 
resistances in the primary circuits, the secondaries completely over- 
lapping the primaries. The primary circuits are earthed through 20,000 
ohms, and in some experiments an earthed bridge balancing device (cf. 
Blair and Erlanger, 1933] has been used between the stimulating 
electrodes in order to reduce stimulus artefacts. In most experiments 
this was unnecessary. 

Screening presented difficulties owing to the proximity of many kinds 
of electrical disturbance. A completely screened room has therefore been 
constructed from soldered galvanized iron sheets, the only opening being 
a door designed to give a complete pressure contact of metal against 
metal when shut. Electric mains are excluded, batteries being used 
throughout. In this way the effect of all outside electrical disturbances 
is very greatly reduced, e.g. nothing is picked up by a portable wireless 
apparatus inside. It has not been found necessary to screen any appa- 
ratus, Even when the relatively high resistance of the nerve is across 
the input the fluctuations of the base line are seldom greater than 1 pV. 

The animal has been enclosed in a heated box the temperature of 
which in the more recent experiments has been as high as 35° C. moist. 
Previously the blood supply and the close contact of the ganglion with 
the warm tissues of the neck were relied on to prevent its temperature 
falling significantly during the short periods of its exposure on the re- 
cording electrodes. A thermometer placed against the ganglion at the 
end of such periods usually registered a temperature about 33-34° C., 

_ the rectal temperature of the cat being 37-38° C. There has been in some 
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| experiments much trouble from slow electrical drifts sometimes with a 


potential as high as 1mV. These appear to be caused by localized changes 
in temperature or evaporation, as they have been much less troublesome 
when using the moist warm box. 


RESULTS. 
A. Introduction. 

In the standard leads which have been used in this research (see 
Text-fig. 1) the earthed lead to the amplifier has been placed on the 
ganglion, while the grid lead has been on the isolated postganglionic 
trunk often beyond a crushed region. Text-fig. 1 is a typical example of 
the complex action potential recqrded with such leads when a maximum 
volley of impulses is set up by a single induction shock applied to the 


Text-fig. 1. A single induction shock is applied through electrodes on the preganglionic 
trunk (to the left of the diagram) and the action potential so set up in the ganglion is 
recorded with the earthed electrode on the ganglion and the grid on the isolated 
postganglionic trunk, both stimulating and recording leads being raised from the cat 
(shown in the diagram by the shaded area). An upward deflection in this and all 
subsequent records indicates a negativity of the earthed lead relative to the grid lead. 
The arrow indicates the stimulus artefact, which can barely be detected about 6 msec. 
before the action potential. 1 d.v.=10 msec. 


cervical sympathetic. Shortly after the stimulus artefact which signals — 
the time of the induction shock, the action potential begins with a com- 
plicated potential wave during which the earthed lead from the ganglion 
is negative to the grid lead from the postganglionic trunk, but later the 
ganglion becomes relatively positive. This positivity reaches a maximum 
at about 0-15 sec. and has completely passed off at about 0-5 sec. after 
the stimulus. A similar action potential is recorded by a string galvano- 
meter either directly or after amplification by a battery coupled amplifier, 
so it must be concluded that no part of the action potential, e.g. the 
phase of relative positivity of the ganglion, is an artefact produced by 
the resistance capacity coupled amplifier. Moreover, a similar action 
potential is recorded if the grid lead is on the intact postganglionic trunk, 
the preganglionic trunk being also intact, so it may be concluded that 
Text-fig. 1 is a normal action potential of the ganglion, being essentially 
12—2 
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unaffected by the division of the pre- and postganglionic trunks. It is 


therefore of importance to attempt an analysis of this complex action 


potential in order to determine if possible the mode of its production. 


B. Analysis by altering the position of the leading-off electrodes. 

In order to accomplish this analysis with minimum disturbance from 
possible electrical artefacts, the ganglion with its pre- and postganglionic 
trunks has been investigated immediately after complete excision. It 
will be seen later that this removal of blood supply causes a lengthening 


Text-fig. 2. Enlarged reproductions of action potentials of an excised ganglion set up by 
single maximal stimuli to the preganglionic trunk, the stimulating and recording leads 
being applied as shown in the accompanying diagrams. The stimulus artefact be- 
ginning at zero on the time scale is an upward deflection which overshot on its return 
with records 2, 3 and 5, the initial base line being shown by the short horizontal line 
preceding it. Further description in text. 


of the transmission time through the ganglion and a slowing of the action 
potentials, For some time, however, the action potentials remain in 
other respects normal; excision therefore does not invalidate the results 
of the analysis. 

Text-fig. 2 showing a series of action potentials obtained with the 
leads shown in the accompanying diagrams is typical of many similar 
experiments. The complex negative potential wave is later with lead 1 
than with lead 2 and more clearly separated into two waves, and with 
lead 1 there is no trace of the late positive wave which is clearly seen 
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with lead 2. The main potential with lead 3 is very similar to that with — 


lead 2, but in addition there is an initial wave during the latent period 
of the response recorded with lead 2. This initial wave is also present in 
the responses recorded with leads 4 and 5, so it must be produced by 
the propagation of the preganglionic volley. The absence of this initial 
wave with lead 2 therefore indicates that the whole of the action potential 


recorded with this lead arises beyond the preganglionic terminals. A com- 


parison of the action potentials recorded with leads 3 and 4 confirms this 


Text-fig. 3. Diagram of ganglionic and postganglionic trunk showing 
relation of leads to a schematic ganglion cell and its axon. 


Text-fig. 4. Diagram showing electrical conditions obtaining 
for leads B and A of Text-fig. 3. 


inference, for the main action potential with leads 2 and 3 (including the 
late positive potential) is practically absent with lead 4. In fact the 
action potential with lead 4 differs from that with lead 5 mainly in the 
change of the preganglionic action potential from the diphasic towards 
the monophasic type consequent on the crushing of the ganglion (indi- 
cated in the diagram by the shading). A detailed consideration of these 
results will be attempted after a preliminary treatment of the principles 
involved in the electrical recording. 

In Text-fig. 3 electrodes B and A are placed as with normal mono- 
phasic leads. In recording the potential difference as an impulse in the 
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nerve fibre passes B, B and A respectively act as virtual leads from the 
outside and inside of the fibre. As well as being a specific lead up the 
centre of the nerve fibre in question, A of course also acts as a diffuse 
lead from the outside of the fibre at B through all the other conducting 
tissue of the nerve trunk. The conditions are shown roughly in Text-fig. 4, 
where R,, the resistance of the specific lead up the centre of the nerve 
fibre, is very high compared with R,, the diffuse lead from the outside 
of the fibre. The resistance across the input of the amplifier is also very 
high compared with resistances R, or R,, so the recording instrument 
acts as a potentiometer measuring the changes of potential between 
B and A which are produced by changes in the 8.m.F. of the battery. 
The resistance R, shunts the potentiometer, hence the potential recorded 
is only a very small fraction (approximately R,/R,) of the actual change 
in £.M.F. The diffuse lead of electrode A from the outside of the nerve 
fibre (Text-fig. 3) similarly acts as a low-resistance shunting the potentio- 
meter (amplifier plus oscillograph) recording the potential difference 
between the outside and inside of the nerve fibre opposite the electrode B. 
Provided that this shunting resistance remains constant and low relative 
to the resistance of the recording instrument, the action potential re- 
corded at any instant from the whole nerve trunk will approximate to 
the sum of the individual action potentials which would be recorded from 
each of the individual nerve fibres. 

Exactly the same conditions hold when dacicodes C and A (Text- 
fig. 3) are the leads to the potentiometer. C acts as a lead from the 
outside of the ganglion cell, its dendrites and axon, and A acts as a 
specific lead up the inside of the axon. In the present state of our know- 
ledge it. seems justifiable to extrapolate this interior lead as far as the 
axon hillock, for presumably the axon behaves as an ordinary nerve — 
fibre peripheral to this point and possesses no transverse membranes 
either normally polarized or polarizable by activity. From the axon 
hillock centrally, however, the possibility of transverse polarizable mem- 
branes makes extrapolation a doubtful procedure. The action potential. 
led off by electrodes C and A is therefore a record of the changes in 
potential between the exterior of the ganglion cell (including its den- 
drites) and the interior of its axon as far as the axon hillock. Histologic- 
ally the ganglion cells show an absence of orientation in so far as the 
spatial distribution in the ganglion of the dendrites and axons is con- 
cerned. However, the specific lead from A up the centre of the axon of 
each individual ganglion cell ensures that all the ganglion cells have 
a similar electrical orientation with regard to the leads-CA. It may 
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therefore be assumed that the action potential so recorded approximates 
to the sum of the action potentials which would be recorded from the 
individual ganglion cells, the same reservations being made as in the 
case of the similar assumption for nerve fibres. 

In Text-fig. 2 the action potentia] with electrodes B and A (lead 1) 
is distinguished from that with electrodes C and A (lead 2) mainly by 
the absence of the positive wave. Other experiments show that the latter 
part of the negative wave (marked by N in observations 1 and 2, Pl. I, 
fig. 4, and PI. II, fig. 6) is also absent with lead 1, though this is not 
evident in Test-fig. 2, for it is there submerged by the positive wave. 
It will be seen in a later paper [Eccles, 1935 b, section A] that the small 


remaining fractions of these waves which sometimes appear with post-— 


ganglionic leads are probably produced by electrotonic spread from the 
ganglion. It may therefore be provisionally concluded that these two 


Text-fig. 5. Records of ganglionic action potentials, the second showing the 
removal of the diphasic artefact after crushing the postganglionic trunk. 


late potential waves are mainly records of the ganglionic action potential, 
i.e. they are potential differences between the exterior of the ganglion 
cell and its dendrites on the one hand and the interior of the axon as far 
as the axon hillock on the other. The initial waves of the action potential 
with lead 1 are later than with lead 2, and this temporal discrepancy is 
directly proportional to the distance BC (Text-fig. 3, cf. Text-fig. 7 and 
section G), so these parts of the action potential are undoubtedly the 
spike potentials produced by impulses arising in the ganglion cells and 
without appreciable delay propagated at a uniform velocity along their 
axons, the postganglionic fibres. This is confirmed by the marked diphasic 
character which these potential waves possess when the grid lead is on the 
uncrushed postganglionic trunk (Text-fig. 5). In fact a monophasic record 


is seldom obtained even when the postganglionic trunk is freshly crushed, 


and there is always a gradual reversion to the original diphasic response. 
The large positive after potentials which Bishop [1934] describes in 
the non-medullated fibres of the vagus must not be confused with the 
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slow positive potentials such as those of Text-figs. 1 and 2, for such 
positive after potentials did not persist for longer than 40 msec. and, 
presumably, if present in our records, would be fused with the diphasic 
artefact. Thus, when the postganglionic trunk under the grid lead is 
painted with 2p.c. cocaine, a procedure specially recommended by 
Bishop for recording only the potential changes under the proximal 
electrode, a small part of the “diphasic artefact” usually persists, which 
possibly is the positive after potential of the propagated postganglionic 
impulses, the later slow positive potential being confined to the ganglion. 

Itthereforeseemsjustifiabletodividetheaction potential 
with leads C and A (lead 2) into those components which are 
confined to the ganglion cells (with probably rere 
tonic spread along the axons), and those which are propagated 


Text-fig. 6. Diagram of preganglionic trunk, ganglion and postganglionic trunk showing 
relations of leads of Text-fig. 2 to a schematic preganglionic fibre, ganglion cell and 
ite axon. 


along the postganglionic fibres, and subsequent evidence, e.g. the 
action of nicotine (section C) supports this subdivision. 

Text-fig. 6 shows diagrammatically a single preganglionic fibre ending 
in contact with a single ganglion cell. Electrodes D and C (lead 4, 
Text-fig. 2) will give a diphasic record of an impulse in the preganglionic 
fibre. But there is then only a trace of the action potentials recorded 
with leads C and A, i.e. of the potential recorded between the outside 
of the ganglion cell and the interior of its axon. A similar small potential 
_ may be recorded with non-specific leads from the ganglion, e.g. with 
both electrodes on the ganglion or with one electrode on the ganglion 
and one either on its external carotid branch or on its branch to the upper 
cervical nerves (the grey rami), the preganglionic stimulus being too 
weak to set up a discharge along these branches, but still setting up a 
discharge along the main postganglionic trunk (see observations 1, 3 
and 7, Pl. II, fig. 6). It may therefore be concluded that, although 
the preganglionic fibre ends in synaptic relationship with the 
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ganglion cell, it cannot act as a specific lead from the interior 
of the ganglion cell—or at least through the ganglion cell from 
the interior of the axon at the axon hillock. 

The converse holds, for with C and A as electrodes (lead 2) no trace 
of the preganglionic action potential was recorded. Moreover, an anti- 
dromic impulse backfired down the postganglionic fibre gives a large 
diphasic spike with electrodes B and C, but with electrodes D and C no 
more of the action potential is recorded than with the non-specific leads 
mentioned above. Presumably the barrier which prevents elec- 
trical continuity between the pre- and postganglionic neu- 
rones is related to the absence of continuity which is revealed 
by histological investigations and degeneration experiments. 

With electrodes D and A (lead 3, Text-fig. 2) it was seen that both 
the preganglionic and postganglionic action potentials were recorded. It 
might at first seem that this would necessitate the postulation of some - 
electrical continuity between pre- and postganglionic neurones in contra- 
diction to the above conclusion. Reference to Text-fig. 6 shows that this 
is not so, for electrode A together with the postganglionic trunk would 
be similar to electrode C for recording the preganglionic potentials, and 
then electrode D together with the preganglionic trunk would likewise 
be similar to electrode C for recording the potentials from the ganglion 
cells and their postganglionic fibres . It would therefore be expected that 
the action potentials with lead 3 would be a combination of the action 
potentials with leads 2 and 4, as is actually observed (Text-fig. 2). 


C. Analysis by the action of nicotine. 

When the ganglion is painted with a strong solution of nicotine 
(0-2 p.c. or more) a preganglionic volley fails to set up any action 
potential either with ganglionic (lead 2, Text-fig. 2) or postganglionic 
(lead 1) leads (Pl. I, fig. 1, observations 4 and 5). This corresponds 
with a total block in the transmission of impulses through the ganglion 
(cf. Langley], and it shows that block occurs before the stage at which 
any part of the ganglionic action potential is produced. However, the 
transmission of impulses in the preganglionic fibres right into the ganglion 
is not abolished by this strength of nicotine, for with lead 4 (Text-fig. 2) 
a typical diphasic preganglionic response is still obtained. This «widence 
confirms the above argument in indicating that the action potential of 
the preganglionic volley ‘does not contribute apprecigbly to the action 
potentials recorded with ganglionic and postganglionic leads. 

Painting the ganglion with a more dilute solution of nicotine (0-02 p.c.) 
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or injecting intravenously from 0-2 to 1-0 mg. per kg. changes the gang- 
lionic action potential to the postganglionic type (Pl. I, fig. 1, obser- 
vations 2 and 3), é.e. the latter part of the negative and almost the whole 
of the positive potential wave are abolished. Transmission of impulses 
through the ganglion still occurs, for the diphasic spike potential waves 
are still present both with ganglionic and postganglionic leads, though 
they may be reduced in size (observation 3) indicating that the discharge 
from some ganglion cells is blocked. Thus the latter part of the 
negative and the positive potential wave are distinguished — 
from the initial negative waves (spikes) both by being con- 
fined to the ganglion and by a greater sensitivity to the action 
of nicotine. Moreover, impulses can be transmitted through 
the ganglion and travel along the postganglionic trunk in the 
absence of the late negative and the positive waves. Further 


‘ consideration of these waves will be postponed to a later paper. 


D. Conduction in the preganglionic trunk. 

In observations 1 and 3, Pl. I, fig. 2, where the stimulus is applied 
to the preganglionic trunk 10-7 cm. from the ganglion, the complex 
action potential formed by the spike potential waves (henceforth called 
S waves) is more spread out than it is in observations 2 and 4, where the 
preganglionic conduction distance is 38cm. When the preganglionic 
pathway is very short, the S waves are still closer together, and are often 
indistinguishable from one another. However, there is no significant 
alteration of the total area of the composite spike action potential if 
due allowance is made for the diphasic artefact and the shift of base line 
produced by the slow negative and positive potential waves. It may 
therefore be concluded that with all lengths of preganglionic 
pathway approximately the same number of impulses are 
discharged along the postganglionic fibres and that the later 
S waves are not due to the repetitive discharge of impulses 


from the ganglion cells. This is in agreement with Bishop and 


Heinbecker [1932] and Brown [1934], and the experimental evidence 
presented in subsequent papers confirms this conclusion. Further, it 
may beconcludedthat the group of ganglion cellsresponsible 
for each S wave has its own group of preganglionic fibres with 
a characteristic conduction velocity, the increasing separa- 
tion of the waves with increasing preganglionic conduction 
being ascribable to differences between the respective pre- 
ganglionic conduction velocities. 
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Usually four S waves are distinguishable, and they have been called 


S,, Sz, 8, and S, in order of decreasing speed of preganglionic conduction, 
but any one of these groups may be composite, S, in particular separating 
out into subsidiary waves with long preganglionic conduction (cf. obser- 
vations 1 and 3, Pl. I, fig. 2). 8, is always the largest wave, and S, is 
variable, being sometimes as large as S, (observations 5 and 6, Pl. I, 
fig. 4) and sometimes absent. There is no clear division between the 
S,, S, and S, groups, e.g. the slowest S, preganglionic impulses have rates 
comparable with the fastest S, impulses (cf. Blair and Erlanger, 1933]. 


However, it will be seen that though overlapping in some properties, the _ 
S, and &, groups are clearly differentiated in other respects. With a long — 


conduction distance the S, wave usually appears as a low elevation, often 
complex, completely separated from the other S waves (observation 5, 
Pl. I, fig. 4), but in some experiments it overlaps with S,. Thus in 
observations 1 and 3, Pl. I, fig. 2, it is not possible to subdivide the 
three waves following S, into S, and S, groups. 

Measurements of the intervals between the stimulus and the S waves 
with short and long preganglionic conduction paths allow approximate 
values to be calculated for the conduction velocities of the fastest im- 
pulses in each preganglionic group. Columns 2 and 3 of Table I show 


Taste I, 


that the values thus calculated indirectly agree approximately with the 
values in columns 4 and 5 determined immediately afterwards by stimu- 
lating and leading directly from the preganglionic trunk (PI. I, fig. 3). 
The occasional discrepancies with the S, wave may be accounted for by 
the difficulty in locating the beginning of this wave after long conduction 
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distances (e.g. observations 1 and 3, Pl. I, fig. 2), a difficulty which is 
so troublesome with S, and S, waves as to prevent any accurate measure- 
ments, 

The usual four S waves correspond respectively to the M,, M,, M, 
and U waves described by Bishop and Heinbecker [1932], but the 
preganglionic conduction velocities are considerably higher than the 
values given by them, a discrepancy which may be due to the condition 
of their excised nerves, The M, wave of Bishop and Heinbecker, +.e. 
our S, wave, is partly due to the ganglion cells supplying the nictitating 
membrane, which have been particularly investigated by Brown [1934]. 


E. Alterations in the strength of the stimulus setting up 
the preganglionic volley. 

In the series of ganglionic action potentials shown in PI. I, fig. 4, 
a progressive weakening of the stimulus applied to the preganglionic 
trunk is seen to cause S,, S, and S, in turn to become smaller and drop 
out, only S, being produced by the weakest stimulus. With the exception 
of S, the thresholds of the fibres of each group overlap with those of 
adjacent groups, e.g. a small S, wave is usually produced by a strength 
of stimulus still submaximal for S, (observation 2, Pl. I, fig. 4). The 
approximate range of thresholds for each group is shown in columns 
6 and 7 of Table I, but a more complete account of the relative thresholds 
of S, and 8, fibres is given by the curves of a later paper [Eccles, 1935 6]. 

If a stimulus which sets up only an 8, spike be still further weakened, 
there is at first a decrease in both the potential and duration of the spike, 
but the duration soon reaches a limiting value, further weakening of the 
stimulus only causing a decrease in the potentials. The spike thus ob- 
tained must be due to an almost synchronous discharge of impulses from 
the S, ganglion cells, and its time course must be practically identical 
with that of the spike produced by the discharge of a single ganglion cell. 
The total duration of such a spike is about 5 msec., the rising phase 
being about 2 msec. and the falling phase 3 msec. 

The potentials of the S waves gradually decrease as the earthed lead 
is moved from the ganglion further and further postganglionically [cf. 
Text-fig. 1, Eccles, 19356], a decrease which seems adequately to be 
accounted for by the increasing. temporal dispersion of the individual 
impulses, by the relatively forward shift of the diphasic artefact, and 
by the increasing proximity of the killed end of the postganglionic trunk. 
No evidence is at present forthcoming which proves that impulses in the 
eangam cells themselves are — responsible for the S waves of the 
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ganglionic action potential, though it does not seem likely that the im- 
pulses in the postganglionic axons during their short course within the 
ganglion give rise to the whole of such S waves. Thus it is probable that 
an impulse arises as an explosive act at some local point in a ganglion 
cell, spreading thence over it, and, as with the impulse in a nerve fibre, 
@ maximum at any one point is reached rapidly but not instantaneously. 
The rising phase of the ganglionic spike potential would be caused both 
by the stage of invasion, and by this rapid increase to a maximum. In 
any case it is certain that the beginning of each S wave in the ganglionic 
action potential may be taken to represent the instant when the earliest 
nerve impulses arise in the group of ganglion cells producing that wave. 


F. The synaptic delay in the ganglion. 

From the preganglionic conduction velocity determined as above, the 
total preganglionic conduction time can be calculated for each S wave, 
the length of the preganglionic pathway being measured from the point 
of stimulation to the electrode on the middle of the ganglion. The con- 


duction time so calculated is found to be less than the interval between 


the stimulus and the beginning of the corresponding S wave of the 


ganglionic action potential by an amount which varies from about 3 msec. — 


for S, to as much as 8 msec. for S, (Table I, columns 8 and 9) and to 
still longer durations for S, and S,. This interval is conventionally known 
as the synaptic delay, but in deriving it the assumption has been made 
that the propagation of impulses along the intraganglionic part of the 
preganglionic pathway occurs in a straight line and at the same rate as 
in the preganglionic nerve trunk. 

Now microscopical examination [Ranson and Billingsley, 1918; 
de Castro, 1932; Heusner, 1935] shows that in the ganglion the pre- 
ganglionic nerve fibres branch a great many times to form a complicated 
interlacing system of very fine fibres about 0-5y in diameter. The con- 
duction of impulses in these fine non-medullated fibres is probably much 
slower than 1 m. a second, so it is likely that a considerable part of the 
so-called synaptic delay is really occupied in these fine preganglionic 
branches. The remainder of the calculated time may be called a true 
synaptic delay. It measures the time between the arrival of the forefront 
of the foremost impulse at the synapses and the beginning of the inipulse 
set up in the ganglion cell. The various processes which occur during this 
true synaptic delay will be considered later. The synaptic delay of the 
S, wave is in good agreement with the value, not more than 2 msec., 
determined by Brown [1934], for in calculating this latter value the 
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sohitailioato conduction velocity was assumed to be only 10 m. per sec. 
The much longer delay (15-20 msec.) obtained by Bishop and Hein- 
becker [1932] is probably due to the fact that they worked on excised 

ganglia (section K). The ill-defined character of the S, and S, spikes 
introduces such errors into the determination of the ssteindticnie con- 
duction velocity that little significance can be attached to the — 
delays shown at the bottom of Table I. 


25 


0 2 4 6 8 mm. 


Text-fig. 7. Curves showing postganglionic conduction, the abscisse being distance 
measured from the postganglionic pole of the ganglion, and the ordinates the corre- 
sponding intervals after the stimulus at which the action potential occurs. The lower 
curve is for the beginning of the S, wave, the upper curve for the crest of the S, wave. 
The grid lead from the killed end was 8 mm. distal from the ganglion. 


G. Conduction in the postganglionic trunk. 

It has already been noticed that with postganglionic leads the S waves 
are later than with the ganglionic lead by intervals representing the 
conduction times from the ganglion. In Text-fig. 7 the plotted points 
show that for the first 4-5 mm. these conduction times increase linearly 
with the conduction distance from the ganglion, i.e. the conduction 
velocity is constant. Thereafter the conduction slows, an effect presumably 
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due to the proximity of the killed end. Columns 10 and 11 of Table I 
give the postganglionic conduction velocities for those experiments in 
which the postganglionic trunk was long enough to allow approximate 
values to be determined. The relatively fast S, values indicate medullated 
postganglionic fibres [cf. Bishop and Heinbecker, 1932], though some 
of the values for the S, group, which they state to be non-medullated, 
are also relatively fast. 

A more accurate determination of postganglionic conduction rate has 
been attempted by stimulating the cervical sympathetic and recording — 
the action potentials so set up in the long and short ciliary nerves 
(Pl. I, fig. 5), allowance being made for the preganglionic conduction 
time and for the synaptic delay. As would be expected, the value so 
obtained for the S, fibres, 7-8 m. a second, is rather higher than that 
obtained from the short isolated postganglionic trunk. : 


H. Action potentials in other branches of the 

superior cervical ganglion. | 
With one lead on the ganglion and one either on its branch to the 
external carotid, or on its branches to the upper cervical nerves (grey 
rami), three spikes are usually recognizable (PI. II, fig. 6, observation 5). 
The thresholds and conduction velocities of the corresponding pre- 
ganglionic fibres and the synaptic delays correspond with those for the 
S,, S, and S, spikes of the main postganglionic trunk. Sometimes a small 
ripple appears corresponding to the S, spike, e.g. the small downward 
deflection occurring during the latent period of the S, spike in observa- 
tions 6 and 7, the branches presumably acting as non-specific leads from 
the S, ganglion cells (cf. section B), all of which appear to send their axons 
along the main postganglionic trunk. This is in agreement with the view 
that the axons of S, ganglion cells are distributed solely to structures in 
the orbit [Bishop and Heinbecker, 1932]. The S,, S,and §, ganglion 
cells of the grey rami and external carotid branches do not differ appre- 

ciably from those in the main trunk. 


I. The interaction between two successive maximal volleys. 


Text-fig. 8 shows a typical series of records of ganglionic action po- 
tentials in which two maximum preganglionic stimuli have been applied | 
at various intervals apart. The second stimulus is effective in giving rise 
to an action potential when the interval is 2-4 msec. or longer, but it is 
only at much longer intervals that the second action potential approaches 


its full size. The ineffectiveness of the second stimulus at an interval of 
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1-6 msec. presumably is due to an absolutely refractory period of some 
part of the preganglionic-ganglionic pathway. The shape of the second 
action potential can be drawn by subtracting the action potential for 


0 10 20 30 40 SOmsec. 
Text-fig. 8. Enlarged drawings of postganglionic action potentials set up by two maximal 
preganglionic volleys at various intervals apart. The first stimulus occurs at zero of 

the time scale, the second at the beginning of the break of the curve. 


Text-fig. 9. The continuous lines show the action potentials by the second stimuli at the 
indicated intervals as determined by subtracting the first action potential from the 
combined action potentials (cf. Text-fig. 8). The broken lines show the action potential 
set up by the second stimulus alone, all stimuli being synchronized at the zero of the 
time scale, 

the first stimulus alone from the combined action potential, and a series 

of curves constructed in this way is shown in Text-fig. 9 together with 

the action potential set up by the second stimulus alone. With a very 
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short interval, 2-4 msec., only S, and S, waves can be recognized and 
the latent period of both is increased. With a longer interval, 3-9 msec., 
S; can also be recognized and now the latent period of S, is shorter than 
with the second stimulus alone, and its rise is steeper, though it is still 
probably submaximal in size (cf. 7-8 msec.). This steeper rise of S, can- 
be detected at intervals as long as 100 msec., and is invariably present 
after a previous volley. There is often a similar shortening of latent 
period and a steepening of the rise of S,, but these effects are much less 
obvious and only occur at relatively short intervals. The latent period 
of the S, wave is also increased at short ener e.g. 3°9 and 7-8 msec. 
(Text-fig. 9). 

In Text-fig. 10 the intervals between the stimuli are plotted as 
abscissee and the intervals between the beginnings of the S, waves as 
ordinates. The shortening of the S, latent period for all except the very 
short intervals is shown by the points lying below the line at 45° from 
| the zero origin. For these very short stimulus intervals, the intervals 
between the S, waves tend to reach a limiting value of 2-9 msec., which | 
presumably is determined by the following three factors: 

(1) The second preganglionic volley is travelling in the relatively re- 
fractory period of the first, the delay so caused being eee the shorter 
the stimulus interval. 

(2) For the same reason the second preganglionic volley is smaller, 
the shorter the stimulus interval. 

(3) The ganglion cells are refractory immediately after their previous 
discharge, and only when their excitability has sufficiently recovered are 
the incident excitatory impulses of the second preganglionic volley _ 
to set up a discharge. | 

The first factor would only be effective with a long preganglionic 
3 conducting distance. With shorter distances factors 2 and 3 cut across 
one another in determining the limiting value, i.e. as the stimulus interval 
lengthens both the size of each preganglionic impulse and the excitability 
of the ganglion cells increase. It istherefore clearthatthe limiting 
value of Text-fig. 10 is slightly longer than the true absolutely 
refractory period of the ganglion cells. Limiting values of the 
response interval, determined as above, are given in columns 12 and 13 
of Table I. The length of the least interval at which the second stimulus 
sets up a full-sized S wave is also not a measure of the relatively re- 

_ fractory period of the ganglion cells, for, as will be seen in a later paper, 
| this interval is also dependent on other factors, The S, wave is wisi 
full-sized at an interval of 10 msec. 
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-. Brown [1934] found that the shortest stimulus interval at which a 
second discharge can be evoked from ganglion cells supplying the nicti- 
tating membrane (S,) was about 1-7 msec. This value is in agreement 
with the value 2-9 msec. here determined, for with the long preganglionic 
path, 5 cm., used by Brown, the second volley would actually reach the 
ganglion at considerably more than 1-7 msec. after the first. The much 
longer least interval, 20-30 msec., determined by Bishop and Hein- 
becker [1932], is probably due to their ganglia being excised (section K). 


Tasec, 


0 2 4 6 8 10 12 14msec. 

Text-fig. 10. Intervals between stimuli (cf. Text-fig. 8) are plotted as abscisse against as 
ordinates the corresponding intervals between the beginnings of the S, responses set 
up by the two stimuli. The straight line is drawn at 45°, and shows the position the 
curve would occupy if the stimulus interval equalled the response interval. 


The steeper rise of the S, wave at all intervals in Text-fig. 9 must 
be due to a less asynchronous discharge of the S, ganglion cells. This 
decreased asynchronism shows that the shortening of latent period is 
greater for those ganglion cells which normally have the longer latent 
period. This shortening of latent period cannot be ascribed to a diminu- 
tion in the preganglionic conduction time. In fact that would be longer 
than normal with stimulus intervals less than about 10 msec., for the 
second volley would be travelling in the relatively refractory period of 
the first. The synaptic delay must be shortened by some facili- 
tating effect produced by the preceding volley either on the 


a 
4 
12 
a 
6 
sg 
¥ 
a 4 
‘ 
2 
, 
a 
; 


ACTION POTENTIAL OF GANGLION. ; 199 


preganglionic terminals or the ganglion cells [Eccles and 
Sherrington, 1931; Eccles, 1935a]. This effect appears to be 
maximal at about 5-10 msec. after the first volley and gradually de- 
creases until it cannot be detected at an interval of 100-150 msec. When 


the facilitating effect is well developed the S, wave of the second 


volley may be increased considerably in height (cf. Text-fig. 9, interval 
7-8 msec.). However, this does not signify that more ganglion cells have 
discharged impulses, for the area of the S, wave is probably unaltered, 
i.e. a greatly decreased asynchronism seems to be an adequate explana- 
tion of the increased potential. 

Actually the facilitating eflect produced by the preceding volley 
might reach a maximum earlier than 5-10 msec., but at such short 
intervals the second volley would be at a dissiiventage owing to the 


delay and diminution in size occasioned by the relatively refractory 


period of the preganglionic pathway (factors 1 and 2 above). Moreover, 
the refractory period of the ganglion cells themselves might also delay 
the appearance of this facilitating effect. 


J. The interaction between two volleys in different 
preganglionic fibres. 

Complications arising from the refractory period of the preganglionic 
pathway can be avoided by applying one stimulus to one branch of the 
annulus Vieussens and one to the other branch, the assumption being 
made that there are no anastomoses between the preganglionic fibres of 
the two branches on their course to the ganglion. In some preparations 
the absence of such anastomoses has been proved by the absence of 
action potential in one branch when the other branch has been stimulated 
(Pl. I, fig. 3, observation 5). Each branch usually gives a ganglionic 
action potential comprising all four waves, but in some preparations 
either branch is very small and only the S, wave may be identifiable. 
Rarely one or the other branch may be absent. 

A typical series of observations is shown in Pl. II, fig. 7, stimuli 
being applied at intervals from 32-0 msec. to simultaneity. It has already 
been argued that the recorded action potential approximates to the sum 
of the action potentials that would be recorded from each individual 
ganglion cell. Hence in a series of observations such as PI. II, fig. 7, sub- 
traction of the action potential of the larger first volley from the combined 
action potential leaves as a remainder the approximate action potential 
added by the second volley. In Text-fig. 11 these subtracted action 
potentials are shown for various intervals, and it will be seen that the 
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S, and S, waves behave very differently from one another, Atallintervals 
the subtracted S, wave is smaller but otherwise does not greatly differ 
from the S, wave produced by the second volley alone, while the sub- 
tracted S, wave is greatly affected by the interval between the two 
volleys. 

Avin interval of 3:4 msec. the very small subtracted action potential 
shows that the second volley is setting up a discharge from very few 
S, ganglion cells. The other ganglion cells must fail to respond on account 


msee. 


10 30 4 msec. 

Text-fig. 11. The first four curves show the action potentials set up by the second stimulus at 
the indicated intervals after a first stimulus applied to the other (larger) branch of the 
annulus, as determined by subtracting the first action potential from the combined 
action potential (cf. Pl. IT, fig. 7), The last two curves show the action potentials 
(S, and S, waves marked) set up by the second and the first stimuli alone, the times 
of all stimuli being synchronized at the zero of the time scale. 


of the refractory state set up by their response to the first volley; hence 
most of the S, ganglion cells which are excited to discharge impulses by 
the second volley alone, are also similarly excited by the first volley alone, 
i.e.on the ganglion cellsthe overlapping distribution of the 
preganglionic fibres of the two branches of the annulus must 
be so great that the response to the smaller second volley is 
almost totally occluded by the first. Now, when the stimuli are 
simultaneous, the subtracted curve seems to indicate the presence of an 
S, wave much larger than at an interval of 3-4 msec. (Text-fig. 11), a 
result which cannot of course be due to a diminished occlusion at simul- 
taneity, for that, if anything, will be increased. The only probable 


f 
‘id 4 
4 3°4msec 
5-8msec. 
a 2 
‘a = 
Bs. 
Bat, 
4 
RY 
A 
3 
4 
4 
3 


ACTION POTENTIAL. OF GANGLION, 201 


explanation is that with simultaneous stimuli the apparent increase in 
the S, wave of the subtracted curve is due to the earlier discharge of 
many ganglion cells which would in any case discharge impulses in 
response to the first volley alone. On such an explanation by the forward 
displacement of the S, action potentials, the increased S, wave of the © 
subtracted curve should be followed, as it invariably is (cf: Text-fig. 11), 
by a trough of approximately equal area. Thus it seems that a shortening 
of the S, latent period has resulted from the combined bombardment of 
the two simultaneous volleys. This shortening of the latent period is not 
appreciable at the beginning of the S, wave, but the S, summit is 
0-7 msec. earlier than with the first volley alone, and the descending 
part is still earlier, z.e. the greatest shortening occurs with those ganglion 
cells which normally have the longest latent periods. 

The effect responsible for this shortening of latent period 
must occur at the point where the different preganglionic 
fibres converge, t.e. at the ganglion cell, and the shortening 
must occur at the expense of the true synaptic delay (as defined 
above). This is still more evident if the latent period of the response of 
the S, ganglion cells to the second volley be considered, for this S, summit 
is 1-3 msec, later than the S, summit for the first volley alone (Text- 
fig. 11), and therefore the latent period of these ganglion cells is shortened 
by about 2-0 msec. by the combined bombardment of the two volleys. 

When the second volley is set up 1-7 msec. after the first (Text-fig. 11) 
the small wave followed by a trough indicates that it still produces a 
slight shortening of the latent period of the response to the first volley, 
but with a 3-4 msec. interval no such effect is detectable. Since the pre- 
ganglionic pathways to the ganglion from the two branches of the annulus 
are practically identical, the above intervals will also obtain between 
the arrival at the preganglionic terminals of corresponding impulses of 
the two volleys. Now in this experiment the shortest calculated synaptic 
delay for S, ganglion cells is about 6-5 msec. and for the summit of the 
S, wave the value is about 7-5 msec., both times being calculated for 
combined stimulation of both branches of the annulus. If the whole of 
this calculated synaptic delay—averaging about 7-5 msec.—were due 
to the time of summation of the excitatory effects of the temporally 
dispersed impulses incident on the ganglion cells [cf. Eccles and 
Sherrington, 1931], the second volley should produce an appreciable 
shortening of the synaptic delay of the first volley, even when more 
than 4 msec. later—theoretically the shortening should occur with all 
intervals up to 7-5 msec. It seems therefore that allthecalculated 
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synaptic delay is not a summation time on the ganglion cells. 
Presumably part may be accounted for as a preganglionic transmission 
time longer than that Mlowed for in the conventional calculation 
(section F), but a full treatment of synaptic delay must be deferred until 
_ further evidence is brought forward. 

_ The subtracted curves of Text-fig. 11 are typical in showing that the 
S, preganglionic fibres of the two branches of the annulus overlap to a 
much smaller extent in their distribution to the ganglion cells. Moreover, 
when the stimuli are simultaneous, there is practically no shortening of | 
synaptic delay. 


K. Removal of the blood supply to the ganglion. 


When the blood supply to the ganglion is cut off by the division of its 
vessels, the latent period of the ganglionic action potential lengthens 
usually by 1-2 msec., all its constituent waves become slower, and the 
refractory period shows a corresponding lengthening. The maximum 
changes are reached within a few minutes, and thereafter there is no 
significant temporal change, but the declining ganglionic potentials indi- 
cate that the synaptic transmission is gradually becoming blocked, a 
process which usually takes several hours for completion. When special 
precautions were not. taken to minimize a fall of temperature of the 
excised ganglion, considerably larger temporal changes were observed 
[Eccles, 1933], and were thought to provide an explanation for the 
discrepancy between the Jong values determined for synaptic delay and 
refractory period by Bishop and Heinbecker [1932] on excised ganglia, 
and the short values of Brown [1934] and the present paper, But now 
this discrepancy still appears to be without a complete explanation, for, 
as Bishop and Heinbecker’s excised ganglia were kept at 37°C., 
excision should have been associated only with the smal] changes noted 
above. 

When the carotid is occluded above and below the origin of the 
ganglionic vessels from the region of the carotid sinus, the lengthening 
of all the ganglionic processes has usually been much less than after 
complete excision. Thus it seems that a very small collateral blood 
supply is sufficient to prevent most of the asphyxial change in the 
ganglion, 

ConcLUSIONS, 

All the preceding experimental evidence indicates that 
the four S waves are produced by four groups of ganglioncells 
which are excited to discharge by four corresponding groups 
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of preganglionic fibres, These groups may be distinguished from one 
another by the following criteria, none of which, however, serves for 
rigorous discrimination, as there is a considerable overlap in the pro- 
perties of adjacent groups: 

(1) Rates of preganglionic conduction (section D). 

(2) Thresholds of preganglionic fibres (section E). 

(3) Synaptic delay in the ganglion (section F). 

(4) Rates of postganglionic conduction (section G). 

(5) Distribution in the different branches from the ganglion (section H). 

(6) Refractory periods (section I). 

(7) Shortening of synaptic delays (sections I and J). 

(8) Degree of occlusion (section J). 

Presumably the four groups of preganglionic fibres differ only in 
regard to size and medullation, S,, S, and S, being medullated and in 
descending order of size, and S, being still smaller and probably non- 
medullated [cf. Bishop and Heinbecker, 1932]. However, as seen 
above, there is no sharp differentiation between S,, S, and S, by means 
of preganglionic properties alone. Histologically the sizes of the ganglion 
cells of the human superior cervical ganglion have been used as the 
criterion for their division into three groups[de Castro, 1932]. The largest 
cells comprise about 27 p.c. of the total and probably are the S, ganglion 
cells. The largest group are those of intermediate size (50 p.c.) and pre- 
sumably are the S, group, the smallest belonging to the S, and S, groups 
(23 p.c.). There is, however, no structural basis for the physiological 
differences between the various groups of ganglion cells. Presumably 
the occlusion between the two branches of the annulus Vieussens is 
greater with S, than with S,, because of the more extensive overlap in 
the distribution of the two respective groups of S, preganglionic fibres, 
but the structural basis for the variations in synaptic delay and its 
shortening are unknown. 

It seems very likely that the four groups subserve different functions 
and this should be the basis of their ultimate differentiation, but in the 
present research this has been investigated no further than in confirma- 
tion of Bishop and Heinbecker’s statement that the S, group is 
distributed to the nictitating membrane, Miiller’s muscle and the dilator 
of the pupil. Presumably this composite functional character is related 
to the frequently observed division of the S, wave into two or three partly 
separated subsidiary waves (PI. I, fig. 2). Bishop and Heinbecker 
further showed that S, was largely vaso-constrictor and pilomotor, while 
8; and 8, are still of unknown function. 
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Our results show no appreciable functional overlap between the 
various groups, e.g. S, preganglionic fibres appear to be in functional 
relationship only with S, ganglion cells, but the se aercaaal do not prove 
the absence of all 

SUMMARY. | 

This is the first paper of a series in which analysis of the action 
potentials of sympathetic ganglia is used in the study of synaptic trans- 
mission. 

The main potential wave which a preganglionic volley produces in 
the superior cervical ganglion is a spike potential set up by impulses 
discharged from the ganglion cells along the postganglionic fibres. In 
addition a late negative potential wave and a still later positive wave 
are produced in the ganglion, but they differ from the above spike 
potential both by their relatively slight spread along the postganglionic 
trunk and by their much greater sensitivity to the action of nicotine. _ 

The spike potential wave is composite, being usually separable into 
four component waves (confirming Bishop and Heinbecker), called 
S,, S,, S, and S,, each of which corresponds to a discrete group of 
ganglion cells supplied apparently exclusively by its own group of pre- 
ganglionic fibres. __ 

Preganglionic conduction rate, preganglionic threshold, synaptic 
delay, postganglionic conduction rate, distribution of postganglionic 
fibres, refractory period of ganglion cells, shortening of synaptic delay 
by a previous volley, and the degree of occlusion between the two 
branches of the annulus Vieussens are the properties which have been 
used in discriminating between the S,, S,, S, and S, groups. 

Thus the synaptic delay and refractory period are each about 3 msec. 
for the S, group and 6 msec. for the S, group, and the preganglionic con- 
duction velocities are respectively about 20 and 12 m. a second. Further, 
the S, group, which is distributed to structures in the orbit, is dis- 
tinguished from the other groups by the shortening of synaptic delay 
of the response to a — which follows a previous volley by less than 

150 msec. 
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EXPLANATION OF PLATES | AND II. 
I, 


Fig. 1. Ganglionic action potentials set up by a single maximal preganglionic volley, the 
small stimulus artefacts being approximately signalled by the arrow. Observation 1 
shows the positive wave and the latter part of the negative wave before their removal 
by nicotine. Observation 2 is taken after painting the ganglion with 0-01 p.c. nicotine, 
observation 3 after 0-1 p.c. nicotine, and observations 4 and 5 show the complete 
removal of the action potential by 0-2 p.c. nicotine. The amplification with observa- 
tion 5 is 3-9 times that with the other observations. In this and all subsequent figures 
1 d.v. equals 10 msec. 
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Fig. 2. Postganglionic action potentials set up by a single preganglionic stimulus applied 
through electrodes either 10-7 cm. (observations 1 and 3) or 3-8 cm. (observations 
2 and 4) from the ganglion. The stimulus strength is 50 (arbitrary units) for observa- 
tions 3 and 4, and 100 for observations 1 and 2. The arrows mark the summits of the 
component waves of the action potentials in observations | and 2. 


Fig. 3. Preganglionic action potentials of monophasic type, the conduction distance being 
9-0 cm. The strength of stimulus is 50 for observation 1, 20 for 2, 10 for 3, and 5 for 4, 
the amplification for this observation being 1-9 times that for the other observations. 
With observation 5 the stimulus is applied to one branch of the annulus Vieussens and 
the leading electrodes are on the other branch, the stimulus strength being 50. There 
is no trace of an action potential which could be due to impulses reflected from the 
superior cervical ganglion, but there is evidence of a small early potential which could 
come from the middle cervical ganglion. 


Fig. 4. Ganglionic action potentials elicited by single preganglionic stimuli of various 
strengths: observation 1, 3-3; 2, 5-0; 3, 20; 4, 10; 5, 100; 6, 50. With observation 1 
the amplification is 3-8 times that with the other observations: The numbers indicate 
the respective S waves, and in observations 1 and 2 N indicates the late negative wave. 


Fig. 5. Action potentials in the short ciliary nerve set up by a single stimulus to the 
cervical sympathetic. It is almost entirely an S, spike, though there is a small later 
wave which is possibly an 9, spike, followed by still smaller waves. 


Priate II. 


Fig. 6. Ganglionic action potentials set up by preganglionic stimuli of varying strengths. 
With observations 1 and 2 the earthed lead is on the ganglion and the grid on the 
main postganglionic trunk, the stimulus strengths being 5 and 20 respectively. With 
observations 3, 4 and 5 the grid lead is on the isolated external carotid branch of 
the superior cervical ganglion and the earthed lead is on the ganglion, the stimulus 
strengths being 5-0, 6-7 and 50 respectively. With observations 6 and 7 the grid lead 
is on the isolated grey ramus from the superior cervical ganglion to the upper cervical 
nerves, and the earthed lead is on the ganglion, the stimulus strengths being 20 and 5 
respectively. The amplifications of records 2, 5 and 6 are equal, those of 1, 4 and 7 
are 4-1 times greater, and that of 3 is 7-6 times greater. 


Fig. 7. Postganglionic action potentials set up by maximal stimuli applied to each of the 
two branches of the annulus Vieussens, that to the smaller branch being second, the 
intervals being for observation 1, 32 msec.; for 3, 15-8 msec.; for 4, 7-9 msec.; for 5, 

3-9 msec.; and for 8, 0-0 msec. Observations 2 and 6 show the response to the second 

stimulus alone, and observation 7 that to the first alone. 
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FACILITATION AND INHIBITION IN THE 
SUPERIOR CERVICAL GANGLION, 


By J. C. ECCLES. | 
(From the Laboratory of Physiology, Oxford.) 
(Received June 22, 1935.) 


It has already been pointed out that, since Langley’s classical investi- 
gations, the sympathetic ganglion has been regarded merely as a relay 
station in the peripheral sympathetic pathway, each preganglionic fibre — 
being in sole functional connection with a group of ganglion cells. In 
the previous paper this latter view was shown to be incorrect, for many 
ganglion cells are excited by each of two groups of preganglionic fibres. 
This overlapping distribution of preganglionic fibres on ganglion cells 
brings with it potentialities for coordination, each postganglionic neurone 
forming a final common path for the various preganglionic fibres in 
functional connection with it. This paper investigates these possibilities. 

The method of experiment is similar to that described in the previous 


paper. In that paper it was shown that there are usually four distinct 


groups of ganglion cells, S,, S,, S, and S,, each of which is supplied 
apparently exclusively by its own group of preganglionic fibres. The 
S, and S, groups, with which this paper is almost exclusively concerned, 
are the most constant and clearly separated of these groups, and are 


supplied by the preganglionic fibres of lowest threshold. 


FACILITATION. 
A. General considerations. 


Pl. I, fig. 1, shows a typical record which is obtained when two 
similar stimuli, each so weak as to be submaximal for the S, fibres, are 
applied at various intervals through the same electrodes on the pre- 
ganglionic trunk. When the second stimulus is set up at a short interval 
after the first, it gives rise to an S, wave much larger than when alone 


and with a shorter latent period. As the interval lengthens these effects 


become less, and at a long interval (184 msec., observation 4) they have 
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almost disappeared. The shortening of the latent period is shown in 
faster records such as Text-fig. 1, where at an interval of 12-0 msec. it 
amounts to 0-45 msec. Otherwise in Text-fig. 1 the time course of the 
facilitated action potential is identical with the unfacilitated, soit appears 
likely that both responses are due to an almost synchronous discharge, 
for facilitation always tends to decrease asynchronism (Eccles, 1935). 
At very short intervals, ¢.g. 3-8 msec. in Text-fig. 1, the latent period of 
the second response is lengthened, presumably on account of the rela- 
tively refractory state of the preganglionic pathway. The shortening of 
the latent period of the facilitated S, wave appears to be similar to that 
observed for the second of two maximal responses [Eccles, 1935). 


Text-fig. 1. Enlarged drawing of action potentials evoked by a second stimulus at 3-8 
and 12-0 msec. after a previous similar stimulus, the time of the second stimulus 


corresponding to zero on the time scale. ---— Response to second volley alone. 
——— Response to second volley 3-8 msec. after first. ——- Response to second 
3 


The increase in the S, wave also occurs when it is recorded post- 
ganglionically, so it must be due to an increase in the number of S, 
ganglion cells discharging i impulses. This increased response cannot be 
caused by any alteration in excitability under the stimulating electrodes, 
for it also occurs when the second stimulus is applied through a different 
pair of electrodes from the first. It could not of course be due to a 
supernormal phase of excitability following the first volley, for the second 
stimulus alone excites all those fibres excited by the first, being set up 
as it is by a similar stimulus applied through the same electrodes. For 
this reason also the first and second volleys when alone would fire off — 
the same ganglion cells, hence none of these additional ganglion cells 

which respond to the second volley at short intervals after the first is 
fired off by the first volley. This volley must therefore produce an 
excitatory condition of some ganglion cells without setting up the dis- 
charge of impulses, and as a result of this persisting excitement the 
second volley, previously subliminal for these ganglion cells, now pro- 
duces a discharge of impulses from some of them. The similar time course 
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of the shortening of latent period indicates that it is produced by the 
same persisting excitement, and subsequent evidence confirms this 
identity. 

The facilitation seems similar to that occurring with spinal reflexes 
[Eccles and Sherrington, 1930; 1931 a, b], so the persisting excite- 
ment may be regarded as an example of a central excitatory state (c.e.s.). 


Thus besides setting up a discharge of impulses from some 


ganglion cells, a submaximal preganglionic volley must also 
give rise to a subliminal fringe of excited ganglion cells—a 
condition paralleling that existing withspinalreflexes[Eccles 
and Sherrington, 1931 6]. Now by the above technique ganglion cells 
can only be demonstrated to belong to this subliminal fringe when a 
second similar volley produces additional excitement sufficient to set up 
a discharge. Such ganglion cells may be said to belong to the “effective 
subliminal fringe” in order to distihguish them from the ganglion cells 
which presumably are excited to lesser degrees of subliminality. The 
degree of S, facilitation at the optimal interval varies in different 
experiments, being in some experiments even more than 300 p.c. of 
the unfacilitated response (Pl. I, figs. 1 and 2), and in others as 
small as 30p.c., but in none of our thirty-six experiments has 
facilitation been absent. 


B. The facilitation curve. 


The time course of the facilitation in series of observations such as 


those of Pl, I, figs. 1 and 2, may be represented as in Text-fig. 2 by 


plotting the relative height of the S, spike of the second volley against 
the stimulus interval. To some extent the increase of the S, spike is 
usually due to a decreased asynchronism as well as to the discharge of 
additional ganglion cells, but no appreciable error is thereby introduced 
into a facilitation curve such as that of Text-fig. 2, for these processes 
have identical time courses (section A). The decline in the facilitation 
curve for intervals beyond the maximum, which usually occurs at 
10-15 msec., indicates the gradual subsidence of the c.e.s. in the ganglion 
cells of the subliminal fringe. Feldberg and Vartiainen [1934 }] 
suggest that the decline of the facilitation curve for intervals shorter 
than the maximum is due to the slow development of c.e.s., and in doing 
so apparently omit to take account of the relatively refractory state of 
the preganglionic fibres, which would probably persist as long as 15 msec. 
after the first stimulus. At shorter intervals the second stimulus would - 
excite fewer fibres, and those impulses set up would be smaller in size, 
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especially in the fine terminal preganglionic branches, and hence probably 
less effective in exciting the ganglion cells—effects perhaps sufficient to 
_ explain the decline at these very short intervals [cf. Bre mer, 1930; 
Eccles and Sherrington, 1930}. 


50 100 msec. 


Text-fig. 2. The potential of each facilitated S, response to the second of two similar 
preganglionic stimuli (measured as a fraction of the second response alone) is plotted 
against the corresponding stimulus interval (abscissa). 


2-0r 


Text-fig. 3. As in Text-fig. 2, but for S, responses, both stimuli being maximal and applied 
to the smaller of the annulus branches. 


At selstively short intervals there is facilitation of the S, ganglion 
cells similar to that for S,, and many S, facilitation curves have been 
constructed (Text-figs. 3 and 12), but at longer intervals inhibition gains 
the upper hand (section G), hence the actual period of facilitation is 
rarely more than 50 msec. 

Facilitation of both S, and S, waves is also observed if two maximal 
stimuli are applied to one branch of the annulus Vieussens, especially if the 
smaller branch is chosen (Text-fig. 3). This facilitation shows that such a 
maximal volley gives rise to a subliminal fringe of excited ganglion cells 
exactly comparable with that produced by submaximal stimulation of 
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the whole preganglionic trunk, an effect which illustrates the similarity 
between submaximal preganglionic volleys set up either by submaximal 
stimulation of the whole preganglionic trunk or maximal stimulation of 
a part of it. 

No attempt has been made to —— possible facilitation with . 
S, and S, ganglion cells. 


C. Facilitation between two volleys in different 
preganglionic fibres. 


The isestgitiasion introduced by the refractory period of the pre- 
ganglionic pathway can be avoided by applying the first stimulus to one 
branch of the annulus Vieussens and the second to the other branch, 
but other complications are thereby introduced. It has already been 
seen [Eccles, 1935] that with S, preganglionic fibres there is often little 
overlap between the respective ganglion cell fields even with maximal 
stimuli, and, when these stimuli are submaximal, the chances of overlap 
become smaller. Moreover, when there is overlap, occlusion will occur 
with those ganglion cells which are excited to discharge impulses by each 
volley alone, 1.e. with short stimulus intervals these ganglion cells will 
be prevented from responding to the second volley by the refractory 
period set up by their response to the first. As a consequence a decline 
in facilitation appears to occur at such short intervals. In four of our 
ten experiments the first complication has been avoided, facilitation of 
S, ganglion cells being obtained between volleys set up in different 
branches of the annulus, but in only one of these experiments has facili- 
tation been maintained for intervals of a few milliseconds, there being 
presumably in this experiment a considerable overlap of the subliminal 
fringes of the two volleys with but little occlusion. However, the synaptic 
delay of the facilitated ganglion cells was then shortest at an interval of 
4 msec, being no shorter than normal with simultaneous stimuli. This 
agrees with the results obtained for S, ganglion cells with interaction of 
two maximal volleys one in each branch of the annulus (Eccles, 1935, 
section J], and it will be considered in the general discussion of synaptic 
delay. 

The S, facilitation between the two branches of the annulus is much 
greater than for S,—a finding in agreement with results obtained with 
maximal stimulation, which indicated a greater overlap for the S, gang- 
lionic fields, However, occlusion is a complicating factor in determining 
the true facilitation curve at short intervals, but, nevertheless, the 


‘ 
4 
‘il 
a 
4 
x 
e 


212. J. C. ECCLES. 


results indicate that facilitation is at a maximum when the stimuli to 
the two branches are simultaneous. The shortening of — delay is 
then also maximal [cf. Eccles, 1935, section J]. 


D. Facilitation after a maximal volley. 

If the first volley, instead of being the same size as the second, is 
maximal, there is still a facilitation of the response to the second volley 
(Pl. I, fig. 3), and the facilitation curve is not greatly altered in height 
or duration (cf. Text-fig. 4) except in the comparatively rare experiments 
in which there is a considerable inhibition of the S, ganglion cells 
(section G). Now the ganglion cells, which by facilitation are caused to 
respond to the second stimulus, must be amongst those which discharge 


6°0 


0 100 200 msec. 
Text-fig. 4. The facilitation curve through the crosses is for equal submaximal stimuli as 


with Text-fig. 2. The curve through the circles shows the facilitation of a submaximal 
second response after a maximal first response. 


impulses in response to the first maximal volley: This volley must 
therefore both excite ganglion cells to discharge impulses 
and produce a persisting c.e.s. on them. This also happens for S, 
ganglion cells, but with them inhibition rapidly removes the evidence 
of the persisting c.e.s. (sections J and L). 

Now, when both preganglionic volleys are maximal, it has been 
shown in the previous paper (section I) that. the response to the second 
volley is probably never increased by the preceding volley, ¢.e. under 
such conditions there is no demonstrable subliminal fringe. 
It may therefore be concluded that a single maximal pre- 
ganglionic volley excites every ganglion cell to discharge 
an impulse. This conclusion is in agreement with that arrived at by 
Brown’ [1934] for the ganglion cells innervating the nictitating mem- 
brane. However, the c.e.s. set up by the first maximal volley is not 
without effect on the response to the second, for it undoubtedly is the 
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cause of the shortened synaptic delay [Eccles, 1935, section I] which 
has a time course similar to that of spatial facilitation (section B). This 
shortening of synaptic delay may be called temporal facilitation in order 
to distinguish it from the term spatial facilitation which may be applied 
to the spread of supraliminal excitation into the ganglion cells of the 
subliminal fringe. 

Thus a maximal preganglionic volley not only excites every ganglion 
cell to discharge a single impulse, but it also sets up a persisting c.e.s. 
of the cells which 


(a) enables a later submaximal volley to fire off more ganglion cells 


than it otherwise would have done (spatial facilitation of subliminal fringe) ; 
(6) shortens the synaptic delay of those ganglion cells which are fired 

off by a later submaximal or maximal volley (temporal facilitation). 
The absence of a subliminal fringe with a maximal volley shows that 


this volley must excite supraliminally all those ganglion cells which are’ 


included in the subliminal fringe of a submaximal volley. This must be 
brought about by the excitatory action on these ganglion cells of the 


_ additional preganglionic impulses set up by the maximal stimulus. The 


possibility cannot be excluded that some of these impulses alone are able 
to excite the ganglion cells to discharge impulses, ¢.e. are individually 
supraliminal, but it is more probable that the additional preganglionic 
impulses are individually subliminal, summation of the excitatory effects 
of several preganglionic impulses being essential for supraliminal excita- 
tion. Experiments with volleys in the same or different preganglionic 
fibres show that supraliminal excitation actually is thus produced by 
summation of the subliminal excitatory effects of successive impulses 
(sections A and C); but, while supporting the second explanation, such 
observations do not exclude the above first-mentioned possibility. 


Further discussion of this problem will be postponed until the evidence 


of the next section has been considered. 
E. Effects of alterations in the size of the facilitating volleys. 
(1) Facilitating volleys equal in size. 

The degree of spatial facilitation between two submaximal volleys 
usually increases as the size of the volleys becomes smaller, 1.¢. the 
effective subliminal fringe bears an ever-increasing ratio to the supra- 
liminally excited fraction. This is well shown in Text-fig. 5, but un- 
fortunately it was impossible to measure the observations with stronger 
stimuli on account of the complicating effect of the large S, wave which 
such stimuli set up. However, it is clear that the facilitated response 
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has practically reached a maximum with a stimulus strength as weak as 
6-7, though the unfacilitated response is then less than half maximal, 
i.e. such a stimulus gives rise to an effective subliminal fringe which 
includes almost all those ganglion cells not excited supraliminally. — 


0 2 


Text-fig. 5. For the lower curve through the circles the potentials of the S, spikes are 
plotted as ordinates against as abscisse the corresponding strengths of the pre- 
ganglionic stimuli in arbitrary units. The upper curve through the circles is similarly 
constructed, but the ordinates are the facilitated S, spike potentials evoked by a 
second stimulus at 16-5 msec. after a previous stimulus of identical strength. The 
broken line expresses the course of the relative facilitation, i.e. the ratio between the 
two curves, as the stimulus strength is varied. 


In Text-fig. 6 the relation between the supraliminally excited fraction 
and the subliminal fringe is represented by plotting the facilitated re- 


- sponses against the corresponding unfacilitated responses. As a single 


preganglionic stimulus increases in strength, the ganglionic response 
evoked by it is indicated by the intercepts on an ordinate moved from 
the zero origin to the right, e.g. when the actual response AB has a 
potential of 25yV, the effective subliminal fringe for facilitation by a 
similar volley preceding it by 16-5 msec. corresponds to BC, a potential 
of 78uV, and CD represents the ineffective subliminal fringe and the 
fraction not excited at all. It has already been seen that with a maximal 
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preganglionic volley all the ganglion cells are supraliminally excited, 
there being no subliminal fringe. As the stimulus is weakened, Text-fig. 6 
shows that all those ganglion cells not supraliminally excited are at first 
included in the effective subliminal fringe, but with further weakening 
some ganglion cells pass over to the upper area, presumably first into 
the ineffective subliminal fringe and later into the unexcited fraction. 
With still further weakening of the stimulus the subliminal fringe rapidly 
diminishes, but, nevertheless, always bears an increasing ratio to the 
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Text-fig. 6. For the curved line the potentials of the facilitated S, responses of Text-fig. 5 


are plotted as ordinates against the potentials of the unfacilitated responses as — 


abscisse, the values being determined from the smoothed curves of Text-fig. 5. The 
shaded area represents the effective subliminal fringe, and the boundaries of the 
square are the limits imposed by the potential of the maximal S, response. Further 
explanation in text. 


- supraliminal fraction. This is better illustrated by. Text-fig. 5, in which 
the broken line represents the relative facilitation at the various stimulus 
strengths. 

The rapid increase in this ratio with further weakening of very weak 
stimuli suggests that still weaker stimuli would elicit a facilitated re- 
sponse though individually too weak to give rise to any detectable action 
potential. Pl. I, fig. 4, shows that this was actually realized in a later 
series of observations in this experiment, the individual responses being 
there undetectable (less than 1 ,V), and the facilitated response as much 
as 28uV at the shortest interval. In only one other experiment has this 
been observed, but in many experiments extrapolation of curves similar 
to Text-fig. 5 indicates that, with a sufficiently sensitive recording, 
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facilitation of subliminals would also be observed, 1.e. either volley alone 
would only give rise to a subliminal fringe. Thus single impulses in the 
fibres so excited are unable to set up a discharge of impulses from any 
ganglion cells, and it may be assumed that such fibres are a fair sample 
of the whole S, group, for, being of lowest preganglionic threshold and 
_ therefore largest, they would be more likely individually to set up such 
a discharge than any other fibres of the S, group; hence it may be 
concluded that in such experiments a singleimpulse ina single 
preganglionic fibre never excites a discharge from ganglion 
cells. Summation either spatial or temporal is necessary for 
every discharge—a condition which has been found to exist 
for the spinal flexor reflex [Eccles and Sherrington, 1930]. 

In a few experiments weakening of the stimuli has not been accom- 
_ panied by any significant change in the relative facilitation which has 
in such experiments always been small. It is possible that an increase 
would be observed with weaker stimuli and more sensitive recording, 
for even a just detectable spike of 1.V probably represents the combined 
discharges of at least 100 S, ganglion cells. However, it seems more 
probable that in those experiments single impulses in some preganglionic 
fibres are able to set up the discharge of single impulses from ganglion 
cells, summation being unnecessary. 


(2) First volley varied, second of constant submaximal size. ° 


Pl. II, fig. 5, illustrates the effect of variations in the size of the 

first volley on the facilitation of a constant second volley at a fixed — 
interval, 40 msec. after the first. As the size of the first volley increases 
up to that of the second the facilitated second response also increases 
(observations 7, 8 and 3), but further increase of the first volley does not 
appear to affect the facilitation (observations 4, 2 and 5). This is con- 
firmed by the curve of Text-fig. 7 in which are plotted the whole series 
of observations of which those of Pl. II, fig. 5, form a part, the 
potentials of the facilitated and corresponding first: reponses being re- 
spectively ordinates and abscisse. It will be seen that, even when the 
first response is zero, facilitation of the response to the constant second 
volley demonstrates the presence of an effective subliminal fringe. 

The sharp angle in the curve appears to coincide. with the point at 
which the first response equals the response to the second volley alone, 
the potential being 32V, and this has been characteristic of ten of our 
twelve series of observations (six separate experiments). In both of the 
exceptional series the second response was large. In one the angle 
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Text-fig. 7. A constant second preganglionic stimulus is applied at 40 msec. after a variable 
first. stimulus, and the S, potentials of the first responses are plotted as ordinates 
against the S, potentials of the corresponding second responses. The crosses indicate 


the S, potentials of the responses evoked by the second 
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Text-fig. 8. Full explanation in text. 
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appeared to occur when the first response was rather larger than the 
unfacilitated second response, and in the other the curve was so flat that 
no angle could be detected. Beyond the angle the facilitation in Text- 
fig. 7 is unaltered by further increase of the first volley, a result typical 
of most series of observations, though in two it has declined slightly and 
in two it has risen slightly. 

Consideration of the conditions responsible for the shape of the curve 
of Text-fig. 7 will be made easier by reference to Text-fig. 8 in which this 
curve has been redrawn as the line ABC. When both volleys are equal 
DBE is the approximate curve for this experiment corresponding with 
that in Text-fig. 6, the stimulus interval being identical with that for 
the curve ABC. The actual experimental curve did not pass through B, 
presumably on account of a change in the preparation between the two 
series of observations. In order to simplify the following discussion this 
change was approximately allowed for by raising the experimental curve 
throughout by about 10 p.c. to form the curve DE which passed, as it 
should, through B. Now the line HK represents the height of the un- 
facilitated second response for the curve ABC, and LJ drawn from L 
at 45° represents the height of the unfacilitated second response for the 
curve DBE (cf. Text-fig. 6), 

The facilitations produced by any first response may be determined 
in Text-fig. 8 by drawing the ordinate at the point corresponding to that 
response. For example MNOPQ represents such a line for a first response | 
LM. With a second volley equal to the first, MN and MP are respec- 
tively the facilitated and unfacilitated second responses, NP being the 
effective subliminal fringe. On the other hand, with a constant second 
volley giving an unfacilitated response MO, the facilitated response is 
MQ, the effective subliminal fringe OQ being less than NP. Similarly 
for any other value of the first response less than LR, which equals LH 
the size of the constant second response, the effective subliminal fringe 
is less for facilitation of the response to the constant second volley than 
it is when the second volley equals the first. Now since both volleys are 
set up in the cervical sympathetic by stimuli applied through the same 
electrodes, the larger volley will always include all the preganglionic 
impulses of the smaller, and consequently the group of ganglion cells 
supraliminally excited by the larger volley will include not only all those 
ganglion cells in the supraliminal group of the smaller volley, but also 
many of the ganglion cells in the subliminal fringe of that volley, for 
presumably the supraliminal group is largely recruited from the fringe 
as the exciting volley is increased [cf. Sherrington, 1931]. The first 
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volley facilitating a larger second volley must therefore act at a disad- 
vantage, for many of the ganglion cells which it almost excites supra- 
liminally will be among those excited by the second volley alone, and 
so not available for the facilitation which would certainly occur with an 
equal-sized second volley; hence the smaller effective subliminal fringe 
under such conditions. 

Now the response to the constant second volley LH is facilitated 80 
as to include more ganglion cells than respond when the second volley 
equals the first, the curve AQB lying above DPB (the crossing of the 
curves before B is of course due to an error in their determination). This 
almost certainly indicates that with the larger second volley the effective 
subliminal fringe of the first volley extends over a larger field of ganglion 
cells than obtains for a second volley equal to the first, t.e. ganglion 
cells in the effective subliminal fringe under the former conditions are too - 
weakly excited to be in the effective subliminal fringe when the second 
volley equals the first. This result suggests that many grades of 
subliminality exist, for with equal volleys each would con- 
tribute approximately half the threshold c.e.s. for those 
ganglion cells just within the effective subliminal fringe, 
while with a larger second volley ganglion cells on which the 
first volley sets up considerably less than half the threshold 
c.e.8, must be in the effective subliminal fringe on account of 
the larger contribution made by the second volley. 

That different conditions obtain for first volleys larger than the con- 
stant second volley may be seen by considering the effect of a volley of 
strength LS, the conditions being determined from the line STUVW. 
As before SU and SW are respectively the facilitated and unfacilitated 
responses when the first and second volleys are equal, UW being the 
effective subliminal fringe, and ST and SV are the respective responses 
with a constant second volley, the facilitation TV being no greater than 
it is for a first response equal to LR. Now according to the above con- 
clusion an increase in the first volley should be accompanied by an in- 
creased facilitation, for this volley would contribute considerably more 
than half the liminal c.e.s. to many of the ganglion cells which are excited 
to less than half by the constant: second volley. Experiment has indi- 
cated that this increased facilitation has usually failed to appear for all 
strengths of the first volley greater than the second, the curve BC being 
approximately parallel to HK. Now conditions for first volleys stronger 
than LR differ from those where they are weaker not only by an intensifi- 
cation of the excitation of the more weakly excited ganglion cells, but 


> 
2 
4 
4 
4 
if 
£ "4 
Wa 
# 
q 
u 
P. 
x 
& 


220 | J.C, ECCLES. 


also by the supraliminal excitation of additional ganglion cells, which 
presumably would be largely recruited from the previous effective sub- 
liminal fringe. Thus the only probableexplanation of the absence 
of anincreased facilitation would seem to be that the resulting 
discharge of impulses by these ganglion cells diminished their 
c.e.8., an-effect comparable with that inferred for motoneu- 
rones of the spinal cord [Eccles, 1931; Eccles and Sherrington, 
1931 c; Eccles and Hoff, 1932]. Thus, when the first volley is made 
larger than the second, facilitation would increase on account of the 
recruitment of fresh ganglion cells into the effective subliminal fringe, 
but it would diminish on account of the defection of those ganglion cells 
recruited into the supraliminal group, an approximate balance being 
struck in most experiments, though a slight increase or decrease of facili- 
tation could occur. 

For a first response increasing from LR to LS in Text-fig. 8, TU 
represents the maximum defection that would thus occur, the effective 
subliminal fringe being then recruited by an identical amount from the 
previously ineffective subliminal fringe. It seems, however, unlikely that 
all the ganglion cells represented by TU would be recruited from the 
effective subliminal fringe GB. Moreover, even when ganglion cells dis- 
charge impulses, the surviving c.e.s. is often sufficient for effective facili- 
tation of the response to a subsequent volley, as is shown by the facili- 
tation after a maximal volley, which sets up a discharge from all ganglion 
cells (cf. section D and the observations to the right of Text-fig. 7). 
Presumably such ganglion cells are excited to a degree considerably 
above threshold. Thus the facilitated response would remain constant 
along the line BC although the recruitment of the subliminal fringe was 
insufficient to compensate for the defection of ganglion cells recruited 
from the supraliminal group along the line GJ. 

The complicating effect of inhibition has prevented this investigation 
for S, ganglion cells, and even with the S, group inhibition might play 
a part in modifying the curves, though it could not be an important 
factor in determining the angle ABC. It must be concluded that the 
only likely explanation of this seems to be the diminution of the c.e.s. 
of a ganglion cell when it discharges an impulse. 


F. The effect of various drugs on facilitation. 


Pl. I, fig. 6, shows a series of observations before and after painting 
the ganglion with a 0-01 p.c. solution of nicotine. There has been a com- 
plete removal of both spatial and temporal facilitation, though the trans- 
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mission of impulses through the ganglion is practically unaffected. 
A similar result is also invariably obtained on the intravenous injection 
of 0-4 mg. of nicotine per kg. A smaller dose of nicotine, e.g. 0-2 mg., 
diminishes the facilitation and shortens its duration. The effect of nico- 
tine soon passes off, almost disappearing in 30 min. A subsequent dose 
of nicotine has an action similar to the first dose. 

Besides abolishing facilitation the above doses of nicotine also increase 
the S waves set up by a submaximal volley, but do not affect the S waves 
of a maximal volley. It may therefore be concluded that, in the presence 
of minute amounts of nicotine, many ganglion cells are excited to dis- 


charge impulses by a submaximal preganglionic volley which previously 


0-8 

Text-fig. 9. Text-fig. 9 a is similar to Text-fig. 2, but in another experiment, while Text- 
fig. 96 has been obtained immediately after an intravenous injection of 1-0 mg. 
eserine sulphate. The curve of Text-fig. 9a has been drawn through the points of 
Text-fig. 9 b. 


had only excited them subliminally, 7.¢. nicotine has increased the excita- 

bility of these ganglion cells or in other words it has lowered their thres- 
hold. It is probable that this action is produced by doses of nicotine too 
weak to cause the well-known effect of the discharge of impulses from 


_ the ganglion. Larger doses of nicotine, e.g. 1-0 mg. per kg., have the 


usual depressing effect on the excitability of the ganglion cells. 

The effect of eserine on facilitation has been investigated both by 
painting eserine solutions of various strengths directly on the ganglion, 
and by injecting intravenously quantities varying from 0-05 to 1-0 mg. 
per kg. body weight. Text-fig. 9 is typical in showing an absence of effect 
on the time course of the facilitation curve. Occasionally with the largest 
doses a slight slowing of the facilitation curve was observed. 
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_ In doses of 0-1-1-0 mg. per kg. eserine increases the excitability of 
the ganglion cells, but to a less extent than nicotine. This was sometimes 
not observed with the largest intravenous doses, but even with them 
there was no depression of excitability as was produced by painting the 
ganglion with a 1 in 1000 solution of eserine. The increased excitability 
(potentiation) produced by small doses of eserine was observed by 
-Feldberg and Vartiainen [1934 a] and attributed to the specific de- 
pressant action of eserine on the cholinesterase of the ganglion. They 
therefore regarded this potentiation as evidence supporting the hypo- — 
thesis that acetyl choline functions as a transmitter at the synapses of 
the ganglion. It was pointed out! by the author that cholinesterase 
would not be likely to hydrolyse a significant quantity of acetylcholine 
during the short synaptic delay of S, ganglion cells, about 3 msec., and 
hence the potentiating effect of eserine would not be due to its depressant 
action on the cholinesterase, a non-specific increase in excitability of the 
ganglion cells being suggested as an alternative explanation. A sub- 
stantially similar explanation has since been adopted by them [1934 6]. 

Painting the ganglion with solutions of strychnine as strong as 1 in 
5000 has no appreciable effect on the facilitation curve, but a 0-1 p.c. 
solution has a depressing effect on the excitability of the ganglion [cf. 
Feldberg and Vartiainen, 1934 5}. 

Nembutal (40 mg. per kg. intraperitoneally) ansesthesia is without 
effect either on the facilitation curve or on the ganglionic action potential. _ 
Deep ether anesthesia is similarly without effect. 


INHIBITION. 
G. Introduction. 


Pl. Il, fig. 7, shows a series of postganglionic action potentials 
evoked by two preganglionic volleys at various intervals apart, the first 
being maximal for S, and S,, the second submaximal for S,. At the — 
shortest interval (observation 1) the S, spike set up by the second volley 
shows some increase in size over the normal control, and at longer 
intervals it is not appreciably affected by the preceding volley. The 
S, spike however exhibits a very different behaviour, for though in- 
creased slightly in observation 1, it is greatly depressed at relatively 
long intervals. This depression reaches a maximum at about 200-300 
msec. (observations 3 and 4), being less at longer intervals (observations 
5 and 6). Thus many S, ganglion cells which discharged impulses in 


* Discussion at meeting of the Physiological Society, Cambridge, May 12th, 1934. 
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response to' the second volley alone must be prevented from doing so 
when it is preceded by the first volley. This first volley must produce 


a depression of the excitability of such ganglion cells, for in the pre- 


ganglionic pathway there would be no interference between two volleys 
at such long intervals, and later evidence confirms this conclusion. This 
depression of excitability is not due to a refractory period of the ganglion 
cells following the discharge set up by the first volley, for observations 
at short intervals, e.g. observation 1, show that this depression only 
appears after recovery from the refractory period is almost or quite 
complete. The depression must be due to an inhibitory process 
similar to that described for spinal reflexes [Eccles and 
Sherrington, 1931 d] and called the central inhibitory state 
(c.i.8.). 

As shown in PI. II, fig. 7, the inhibition is almost entirely confined 
to the S, ganglion cells, though in some experiments a definite inhibition 
of the S, and 8, cells is also present. These inhibitions, however, need 
not be separately treated, for in all respects they seem similar to the 
S, inhibition. 

When the first volley is set up in one branch of the annulus Vieussens, 
the response to a later volley in the other branch also suffers an inhibi- 
tion exactly comparable with that obtaining with both volleys either in 
the whole preganglionic trunk or in either of the branches of the annulus. 


This confirms the above conclusion that at such long intervals the suc- — 


cessive volleys do not significantly interfere during their preganglionic 
course. Further, it shows that there is no selectivity in the distribution 
to the ganglion cells of the excitatory and inhibitory fibres of one branch 
of the annulus, i.e. the field of ganglion cells excited by one branch of 
the preganglionic trunk is not singled out for a selective inhibition or 
freedom from inhibition by the inhibitory fibres in that or the other 
branch. 
H. The effect of the size of the interacting volleys. 

Pl. II, fig. 8, shows part of a series of observations in which the 
size of the second volley was varied, both the first volley and the stimulus 
interval being kept constant. It will be seen that the relative inhibitory 
effect decreases as the second volley increases, but there is still a con- 
_ siderable inhibition of the response to a maximal volley. In Text-fig. 10 
the S, potential of each inhibited response is plotted against that of the 
corresponding uninhibited second response for the whole series of obser- 
vations, In order to avoid interference by the S, wave, the size of the 
S, wave is measured from its crest to the trough of its diphasic artefact. 


2 
> 
eg 
rg 
a 
4 
q 


224 : J. C. ECCLES. 


Such measurements must give a fair approximation to the relative 
numbers of S, ganglion cells discharging impulses, for inhibition does 
not alter appreciably the temporal dispersion of the S, wave, though in 
some experiments there is a slight lengthening of synaptic delay. 

As the uninhibited second response in Text-fig. 10 decreases from its 
maximal value, there is a slight increase of the absolute amount of 
inhibition (measured by the distance in the direction of the ordinates 


py. 


0 100 200 300 pe-V. 
Text-fig. 10. The S, potentials of responses to preganglionic stimuli of varying strengths 


are plotted as abscissae against as ordinates the corresponding potentials of the 5, 


responses after partial inhibition by a maximal preg pplied 213 msec. 
previously. The amount of inhibition for any response is given on the corresponding 
ordinate by the intercept between the curve and the line drawn at 45° from the zero 
origin, e.g. an S, response of 200V is inhibited by the amount AB equal to about 
93 pV. 


between the curve and the line at 45° from the zero origin), and it is not 
until the uninhibited response becomes less than half maximal that the 
inhibition begins to decrease. In some experiments there is a much 
larger increase in inhibition as the uninhibited response decreases from 
maximal. This indicates that many ganglion cells whose responses to a 
small second volley are prevented by inhibition must discharge impulses 
in spite of this same inhibition when they are excited by a large second 
volley. In these ganglion cells the prevention of discharge by 
inhibition must depend on the intensity of their excitation, 
and this intensity of excitation must increase with the size of 
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the preganglionic volley,.+.¢. there must be a convergence of 
many preganglionic fibres on to those ganglion cells—con- 
firming the conclusion already drawn. In the spinal flexor reflex 
the prevention of the reflex discharge of motoneurones by inhibition also 
depends on the intensity of their excitation [Eccles and Sherrington, 
1931 

In Text-fig. 10 the points for very small responses lie about a straight 
line from the zero origin, t.e. the relative amount of inhibition is con- 


_ stant, even the smallest responses not being completely inhibited. This 


suggests that the effective action of the inhibition is confined to a 
fraction of the S, ganglion cells, t.c. there is a selectivity in the 
distribution of the inhibition corresponding to that described 
for the flexor motoneurones [Creed and Eccles, 1928; Eccles 
and Sherrington, 1931 d]. | 


I. Threshold of inhibitory fibres. 

Pl. III, fig. 9, shows a series of postganglionic action potentials in 
which the strength of the first stimulus is varied, the size of the second 
volley and the stimulus interval being kept constant at conditions prac- 
tically optimal for inhibition. As the strength of the first stimulus is 
weakened, the inhibition decreases, and with the weakest stimulus (obser- 
vation 4) there is no inhibition. It will be seen that in Pl. III, fig. 9, 
there is a close correspondence between the thresholds of the inhibitory 
and excitatory S, fibres. This has also been observed in the other four 
experiments in which inhibitory thresholds have been investigated. When 
S, inhibitory fibres are present their threshold is lower than for S,, but 
may not be so low as the S, excitatory threshold. 


J. Time course of the inhibition. 


Text-fig. 11 shows a typical inhibitory curve which has been con- 
structed from the series of observations partly shown in PI. II, fig. 7. 
Each point represents an observation, the intervals being abscisse and 
the ordinates the inhibited responses expressed as fractions of the average 
normal response. A curve such as Text-fig. 11 must, however, not be 
taken to represent accurately the average time course of the c.i.s. of the 
ganglion cells. Just as with the facilitation curve and c.e.s. the time 
course is related statistically to this inhibitory curve and sufficiently well 
indicated by it for ordinary purposes. The inhibition reaches a maximum 
at about 200 msec. and has almost passed off at. about 600 msec. It is 
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Text-fig. 11. A submaximal preganglionic stimulus is applied at various intervals after a | 
maximal stimulus, and the S, potentials of the ganglionic responses (expressed as ! 
fractions of the S, potential for the second response alone) are plotted against the 
corresponding stimulus intervals. 


+ 
0°6 


Text-fig. 12. The line for the crosses shows an 4, inhibitory curve constructed as with 
Text-fig. 11, and the line through the circles an S, facilitation curve constructed as 
with Text-fig. 2. 


thus slower than the inhibitory curves expressing the time course of the 
inhibition of the spinal flexor reflex [Eccles and Sherrington, 1931 d]. 
At 45 msec. the second response is actually greater than normal, but at 
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12 msec. it is very small, an effect presumably due to the relatively re- 
fractory state set up in the ganglion cells by their response to the first 
volley. In some experiments the relatively refractory state of the gang- 
lion cells overlaps with the later inhibitory effect. 

However, at these short intervals facilitation is a complicating factor. 
When the second volley is small, a curve constructed as in Text-fig. 11 
is often considerably above 1-0 at short intervals and only descends 
below this value, t.e. inhibition only becomes apparent, at intervals of 
50 msec. or even longer (Text-fig. 12). The possibility must be considered — 
that facilitation is still present when submerged below a preponderating 
inhibition, e.g. the descending part of the inhibitory curve in Text-fig. 11 
may be largely if not entirely due to a passing off of this submerged 
facilitation, and not to a progressive increase in the inhibition. This 
possibility receives support from a comparison in the same experiment 
between the pure facilitation curves for S, and the inhibitory curves 
for S, (Text-fig. 12). It is seen that, if the facilitation of S, lasted as 
long as that for S,, it would afford an explanation of the whole of this 
descending phase, provided that the time course of the c.e.s. was not 
interfered with by the co-existing c.i.s. Thus the possibility is envisaged 
that the c.e.s. and the c.i.s. of a ganglion cell have an independent 
existence and only interact through their opposing effects on the dis- 
charge of impulses by that cell (see section L). 


K. The interaction between the inhibitory and excitatory effects 
of two sucvessive volleys. 

The interaction of the effects of two volleys is tested by a third volley, 
and it is best illustrated by observations in which the first and second 
volleys are large so as to produce a maximum inhibitory effect and the 
third volley is of such a size as to suffer a large inhibition. Probably 
the simplest conditions are provided by a series of observations in which 
the interval between the first and third volleys is kept constant at a 
value longer than the interval for maximum inhibition, e.g. at 200 msec., 
the position of the second volley being varied relative to them. Under 
such conditions the first volley has a purely inhibitory effect on the 
response to the third volley, for the interval is sufficiently long for com- 
plete disappearance of the c.e.s. 

If the second volley is close to the first volley, e.g. within 50 msec., 
the inhibition of the third volley is greater than with either the first or 
second volleys alone. This occurs even when the first and second volleys 
have been set up by similar stimuli applied through the same electrodes 
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(Pl. III, fig. 10, cf. observations 1 and 4 with 2 and 3). There must 
therefore be a summation of the c.i.s. produced by successive impulses 
in the same inhibitory fibres, i.e. by successive impulses incident on the 
same inhibitory synapses. Thissummation of the c.i.s. ofindividual 
ganglion cells shows that different grades of c.i.s. may exist 
on a ganglion cell just as with a motoneurone [Eccles and 
Sherrington, 1931 d]. The increased inhibition produced by a larger 
inhibiting volley would be due to an increase in the c.i.s. of some ganglion 
cells from a latent to an effective intensity. 

The combined inhibitory effect of two maximal volleys is always 
much less than the sum of the separate inhibitory effects. However, as 
shown in Table I, this apparent occlusion becomes less as the stimuli are 


Taste I. All amounts of inhibition are expressed as a fraction of the average response 
to the third stimulus alone, its strength being constant at Y0-0 arbitrary units. 
1 2 3 4 


of first Inhibition of third Inhibition of third Inhibition of third 


Strength 
d uli response by first response d first 
cits volley volley only oad volleys 


33-3 0-39 0-36 0-50 
0-37 0-43 0-57 

10-0 0-20 0-24 0-46 
0-23 0-41 

V7 0-18 0-16 0-39 
0-09 013 0-30 

0-33 


weakened and may even pass over to a combined inhibitory effect greater 
than summation, the average value of column 4 being greater than the 
sum of columns 2 and 3 at a strength of 7-7. Such an increased inhibitory 
effect is well shown for S, (sic) inhibition in Pl. ITI, fig. 10, observations 
1 and 4 being compared with 2 and 3. But in interpreting such results 
it must be remembered that the intensity of c.i.s. in any particular 
ganglion cell is not directly related to the amount of the inhibition so 
recorded, 1.e. to the number of ganglion cells prevented from discharging 
by the inhibition. For example, the above results with maximal volleys 
do not prove that the second volley adds less c.i.s. to that produced by 
the first volley than is produced by it alone. Rather do they suggest 
that with maximal volleys further extension of the inhibition by summa- 
tion is limited on account of the selectivity in the distribution of the 
inhibitory effect on the ganglion cells (cf. section H). 

As the second volley is progressively moved nearer to the third volley, 
the combined inhibitory effect diminishes, and eventually it becomes 
less than the inhibitory effect of the first volley alone (cf. observations 
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3 and 5, Pl. III, fig’ 10). The averaged results for the whole series of 
observations are shown in Text-fig. 13. Thus for intervals less than 
150 msec. the second volley protects the response to the third volley 
from the inhibitory effect of the first volley. This happens when all three 
volleys are set up by stimuli applied through the same electrodes, or when 
any one of the volleys is set up in one branch of the annulus Vieussens 


and the other two in the other branch. It must therefore be due to an — 
interaction of the effects of the volleys on the ganglion cells. 


0-6L 


Text-fig. 13. The lower line is the inhibitory curve when the second volley alone precedes 
the third by various intervals (cf. Text-fig. 11). Each circle shows the average potential 
of the response to the third volley expressed as a fraction of the potential to that 
volley when preceded by the first alone, the abscissa being the interval between the 
second and third volleys. The interval between the first and third volleys was constant 
at 232 msec. 


The two possible ways in which this interaction could occur will be . 
considered later in the light of further evidence (section L). Thus either 

(a) the excitatory impulses of the second volley remove some of that 
c.i.s, which was set up by the first volley and which inhibited the re- 
sponse to the third volley [cf. Eccles and Sherrington, 1931 d], or 

(b) the excitatory impulses of the second volley produce c.e.s which, 


" persisting until the time of the third volley, would facilitate the response 


to it with the result that some ganglion cells discharge impulses which 
otherwise would be inhibited by the first volley. 
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If a long interval, ¢.g. 400 msec., separates the first and third volleys, 
and if the second volley be introduced approximately midway between 


them, the inhibition by the combined first and second volleys is less than — 


that produced by the second alone (compare observations 1 and 3 with 
2 and 6, Pl. III, fig. 11). The first volley has in some way diminished 
the inhibitory effect of the second. This effect of the first volley may be 
observed even if it precedes the second by intervals as long as 500 msec. 
The effect of the excitatory impulses of the second volley does not there- 
fore provide a complete explanation of the effect of the second volley 
on the inhibition produced by the first volley. 

A similar conclusion is also suggested by Text-fig. 13. When the 
second volley alone precedes the third, its facilitating effect is much 
smaller and shorter in duration than when it protects the third from the 
inhibition of the first volley. Even if allowance be made for the occlusion 
of the inhibitory effect of the second volley, there is still an obvious 
discrepancy. Thus the first volley has increased the exciting 
effect of thesecond volley and diminished itsinhibitory effect, 
actions which probably are attributable to the reaction of 
the ganglion cells to the continued inhibition produced by 
the first volley. Such a reaction of the ganglion cells would 
be analogous to the anelectrotonic and katelectrotonic states 
of nerve (cf. Erlanger and Blair, 1931]. However, the inhibitory effect 
of the first volley presumably acts more directly as well, for it prevents 
the second volley from setting up the discharge of some ganglion cells, 
and hence from section E an increased c.e.s. of these — cells 
should be produced by the second volley. , 


L. The action of drugs on inhibition. 


The effect of small doses of nicotine, ¢.g. painting the ganglion with 
0-005 p.c., or injecting intravenously 0-2 mg. per kg. body weight, varies 
in different experiments. In some the inhibitory effect is diminished, 
and the inhibitory curve shortened in duration, but its general shape is 
unaltered. Most experiments lie between this type and the other extreme 
type in which a suitable dose of nicotine, while not greatly altering the 
total duration of the inhibitory curve, removes entirely all trace of the 
phase of increasing inhibition (Text-fig. 14). The maximum inhibition, 
which may be increased, now follows directly on from the refractory 
period, the decline of the inhibition commencing at the shortest intervals, 
but continuing at long intervals so as to coincide approximately with 
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ys, the original inhibitory curve. Larger doses of nicotine shorten the dura- 

en tion of the inhibitory curve (Pl. III, fig. 12), and all inhibitory effect 

an may pass off as soon as 100 msec. after a volley. Still larger doses of 

ith nicotine always remove all trace of inhibition. _ 

ed Now the dose of nicotine which removes the phase of i increasing S, 

_ ee inhibition also removes the S, facilitation and also any S, facilitation 

ec. which may appear above the ‘backaccanil inhibition (section B). It is 

re- therefore suggested that this dose of nicotine removes only the c.e.s. of 

ley the S, ganglion cells leaving the c.i.s. to run its course uncomplicated, 
as it normally is, by this c.e.s. This suggested absence of an effect of such 

the _ doses of nicotine on the c.i.s. is supported by the relatively unchanged 

- ) state of the last part of the inhibitory curve. As shown in Text-fig. 14 

ion 2 

ous 100 200 300 msec. 

ing 

ct, 

0°8 

by F 

uld 

tes 

fect 

nts 

alls, Text-fig. 14. Inhibitory curve as in Text-fig. 11, but in another experiment and 

tia \ approximately 10 min. after painting the ganglion with 1 in 5000 nicotine. 


this c.i.s. would normally be at a maximum probably as soon as the end 
of the refractory period, a progressive decline ensuing from then onwards. 
The normally complicating c.e.s. (S,) also would be maximal at a very 
short interval, and in most experiments then approximately balances 


vith | the c.i.s.; but its decline is more rapid, hence the phase of increasing 
ries inhibition, the decline in the c.i.s. only becoming apparent when most 
hed, of the c.e.s. has disappeared. 

re is According to this explanation the different effects of nicotine in 
eme different experiments are due to differences in the relative sensitivities 
‘the of ¢.e.8. and ¢.i.s. to its action. At one extreme experimental observa- 
the $ tions show that they are equally sensitive, and at the other c.is. is 
lon, unaffected by a dose of nicotine totally removing the c.e.s. The explana- 
tory tion of the composite nature of the inhibitory curve also removes the 
vals, difficulty that otherwise arises in explaining the production by a single 
with volley of an inhibitory effect which increases for as long as 150 msec., 
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for it now seems probable that the maximal inhibitory effect | 


is exerted with no more delay than the maximal excitatory 
effect. Moreover, the explanation presupposes that the c.e.s, 
and ¢c.i.s. of a ganglion cell exist independently of each other 
and only interact by their opposite effects on the discharge 
of impulses by that cell (cf. section J). It therefore conforms with 
the second explanation suggested in section K for the interaction of the 
excitatory and inhibitory effects of two successive volleys. 


Text-fig. 15. a, Inhibitory curve as in Text-fig. 11, but in another experiment. 6, Inhibitory 
curve a few minutes after Text-fig. 15 a, 0-75 mg. eserine suphate having been injected 
intravenously immediately after Text-fig. 15 a. 


With the ipselateral spinal reflex the phase of increasing inhibition 
(lasting 40-90 msec. after a single volley) was regarded by Eccles and 
Sherrington [1931 d] as being due to a progressively increasing c.i.s., 
for it seemed too long to be explained as a diminishing c.e.s. However, 
it must be remembered that contralateral volleys were used for inhibi- 
tion, and the above results suggest that the production of c.e.s. is greatly 
increased by a pre-existent inhibition. If the phase of increasing inhi- 
bition is due to the diminution of a complicating c.e.s., then the experi- 
ments on the interaction of excitatory and inhibitory volleys also need 
reinterpretation, for it was thought that c.e.s. could not persist suffi- 
ciently long (75 msec.) to explain the diminished inhibition produced by 
an interpolated excitatory volley. The direct interaction of c.e.s. and 
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c.i.8, may, therefore, be regarded as not proven, the experiments alter- 
natively being explained, as with the ganglion cell, by the opposite 
effects on the neurones of the independently existing c.e.s. and c.i.s, 
Text-fig. 15 shows that an intravenous injection of 0-3 mg. of eserine 
per kg. is without significant effect on the inhibitory curve, and similar 
results have been obtained in all such series of observations, Painting the 
ganglion with 1 in 5000 strychnine is also without effect on inhibition, 


_ a8 also is nembutal anesthesia produced by injecting intraperitoneally 


40 mg. nembutal per kg. body weight. 


Discussion. 
Histological investigation of the superior cervical ganglion shows that __ 


the fine terminal branches of the preganglionic fibres ramify in intimate. 


relationship with the dendritic processes and the perikarya of the ganglion 
cells, there apparently being no continuity [de Castro, 1932; Heusner, 
1935]. According to de Castro some of the preganglionic fibres end as 
small loops (boutons) similar to those occurring in the central nervous 
system, but it is doubtful if they are the usual form of ending [Heusner]. 
Moreover, degeneration of the preganglionic fibres does not produce any 
perceptible changes in the ganglion cells [Ranson and Billingsley, 
1918; de Castro, 1932; Heusner, 1935], so the relation between the 
preganglionic fibres and the ganglion cells seems similar to that occurring 
at the bouton endings in the central nervous system [cf. Hoff, 1933]. 
Degeneration of the preganglionic trunk removes all the close meshwork 
of fibres which normally are in intimate relationship with the dendrites 
and perikarya of the ganglion cells, only the dendrites and postganglionic 
axons being left, hence it has been concluded that there are no inter- 
nuncial neurones in the superior cervical ganglion [Ranson and 
Billingsley, 1918; Heusner, 1935], 7.e. there is one synapse and one 
synapse only in every path through the ganglion. | 

The results obtained in a later paper confirm Bishop and Hein- 
becker [1932] and Brown [1934] in showing that antidromic impulses 
in the postganglionic fibres never pass into the preganglionic trunk. 
Irreversibility of conduction, which characterizes synapses, 
appears to occur between all preganglionic-postganglionic 
connections of the superior cervical ganglion. That a synapse 
occurs in every path through the ganglion is further shown 
by a delay, though short, being present in the transmission 
of allimpulses (the synaptic delay). 
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Thus the physiological evidence is in agreement with the histological 


and in some respects it goes further, for it shows that several pre- 
ganglionic fibres converge on to each ganglion cell, and that 
some of these fibres are inhibitory. Physiological investigation 
provides no direct proof of the existence of only one synapse in every 
pathway through the ganglion, but it indirectly supports this conclusion, 
for it reveals a directness of transmission through the ganglion. How- 
ever, the ganglion must, nevertheless, be regarded as a co- 
ordinating centre as well as a transmitting and distributing 
station. It functions as an outlying part of the central 
nervous system, and the preganglionic fibres are the extended 
axons of internuncial neurones transmitting excitatory and 


inhibitory impulses to the ganglion cells, which themselves’ 


are the neurones ofthe finalcommon path. | 
Though there is an overlapping distribution of these preganglionic 


fibres on the ganglion cells, the physiological evidence suggests that this — 


does not occur beyond the confines of any particular group of cells, e.g. 
the S, preganglionic fibres and ganglion cells seem to constitute a system 
functionally distinct from the S, group [Eccles, 1935]. This also appears 
to happen with the inhibitory fibres, for in many experiments inhibition 
is absolutely confined to the S, ganglion cells. It has not been possible 
to determine if some of the terminals of a single preganglionic fibre are 
excitatory in function and others inhibitory. However, threshold deter- 
minations show that the fibres inhibitory for the S, ganglion cells could 
be excitatory for no ganglion cells other than those of this same group. 
It does not seem likely that such a wasteful antagonism would occur 
within one relatively homogeneous group, for Bishop and Heinbecker 
state that this group comprises the vaso-constrictor and the pilomotor 
fibres—two groups which functionally are closely related. 

The overlapping distribution of the preganglionic fibres on the gang- 
lion cells must result in some loss in the discriminative control which 
the central nervous system is potentially capable of exercising over the 
peripheral field of distribution of the postganglionic fibres. This loss 
probably has no physiological importance, for as pointed out by 
Cannon [1929] the sympathetic shows very little localization in its 
action. 

The inhibitory impulses to the S, ganglion cells would have the effect 
of diminishing the normal discharge of vaso-constrictor impulses from 
these cells. It, therefore, seems probable that functionally these inhi- 
bitory impulses form part of the mechanism for inhibition of vaso- 


‘ 
4 
<i 
Ry 
Res 
ig 
4 
Px 
ra 
3 
+ 
49 
ke 
ba 
iS 
¢ 
mn 


_ FACILITATION AND INHI “ IN GANGLION. 235 


constrictor tone, and for example are sdf up reflexly by centripetal im- 
pulses in the depressor and carotid sinus nerves. . 

Though exceptions appear to be provided by those ganglion cells 
which seem to be excited to discharge by single preganglionic impulses, 
the following general picture may be formed of the functioning of a 
ganglion cell under normal conditions in the body. It is subjected to a 
rhythmic bombardment of impulses along some or all of the preganglionic 
fibres incident on it. This rhythmic bombardment of each fibre will 
probably differ both in frequency and in phase from others, and some 
will be excitatory, others inhibitory. On account of the persisting exci- 
tatory and inhibitory states of the ganglion cell which are thus set up, 
this confused bombardment will become fused out to an undulating 
excitatory or inhibitory condition, and the ganglion cell will discharge 
an impulse down its axon, the postganglionic fibre, whenever the exci- 
tatory condition attains a certain intensity. The way in which impulses 
set up these excitatory and inhibitory states, c.e.s. and c.i.s., their nature, 
and their relation to the ganglion cell will be considered in later papers. — 


SUMMARY. 


Besides producing a discharge of impulses from some ganglion cells, 
a submaximal preganglionic volley sets up in both these and other 
ganglion cells an excitatory condition which increases the response to a 
subsequent submaximal volley (spatial facilitation of subliminal fringe) 
and shortens its synaptic delay (temporal facilitation). With S, ganglion 
cells this facilitating effect persists for about 150 msec., but with 8S, 
ganglion cells it is less in extent and duration presumably on account of 
the simultaneous presence of inhibition. 

Facilitation is also observed after a maximal volley or between volleys 
in different groups of preganglionic fibres. Spatial facilitation usually 
undergoes a relative increase as the preganglionic volleys become smaller, 
and facilitated responses occur even when each volley alone is subliminal, 
indicating that a single preganglionic impulse fails to set up a discharge 
from any ganglion cells. 

The facilitating effect of a variable first preganglionic volley on a 
constant second volley becomes greater as the first volley increases up 
to the size of the second, but is usually not altered by further increase 
of the first volley, a result suggesting that the c.e.s. of a ganglion cell 


is diminished when that ganglion cell discharges an impulse. 
Facilitation is unaffected by eserine or anesthetics, but is abolished 
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by doses of nicotine too small to affect the transmission of impulses 
through the ganglion. 

In addition to this facilitating effect a preganglionic volley also has 
an inhibitory action largely confined to S, ganglion cells, which reaches 
its maximum in about 150 msec. and completely passes off at about 
600 msec, Within limits this inhibition increases both absolutely and 
relatively as the second (inhibited) volley is made smaller, showing that 
the less the excitation of a ganglion cell the easier it is to inhibit. The 
preganglionic fibres inhibiting and exciting S, ganglion cells chan iden- 
tical thresholds. 

Two inhibiting volleys at a short interval apart have a greater in- 
hibitory effect than either one alone, though there is a considerable 
“ocelusion” if the volleys are large. However, if the second volley is at 
a longer interval after the first, there is a diminution of the first’s 
inhibitory effect for as long as 150 msec., an effect probably attributable 
to the reaction of the ganglion cells to the inhibition of the first volley, 
whereby the opposing excitation of the second volley is increased and 
prolonged and its inhibition decreased. 

Doses of nicotine too small to prevent transmission of impulses may 
prevent an inhibitory effect from being produced, Still smaller doses of 
nicotine serve for analysis of the overlapping excitatory and inhibitory 
effects set up by a preganglionic volley, for the inhibitory effect then 
set up in the absence of complicating facilitation is at a maximum at 
least as soon as the end of the refractory period. This suggests that the 
normal phase of increasing inhibition is really due to the more rapid 
decrease of the opposing facilitation. ee 

These excitatory and inhibitory states of ganglion cells resemble the 
corresponding states, c.e.8. and c.i.s., of the spinal cord, and show that 
the superior cervical ganglion must be regarded as a coordinating centre 
as well as a transmitting and distributing station. 


The author wishes to thank Dr C. Ladd Prosser for his valuable help in some of 
the experiments and to express his gratitude to the Christopher Welch Trustees for 
defraying the cost of the ee 
@ personal grant. 
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EXPLANATION OF PLATES I-III. 


I, 


Fig. 1, Action potentials of superior cervical ganglion (8, only) evoked by two similar 
submaximal stimuli applied to the cervical sympathetic at various intervals apart. 
Observations 3 and 7 show the response to the second stimulus alone. In this and 
all subsequent records 1 d.v.=10 msec, _ 


Fig. 2. As in Fig. 1 in another experiment. Observation 4 shows the response to the — 
second stimulus alone. 


Fig. 3. As in Fig. 1, but the first stimulus is maximal and the earthed lead has been 
moved from the ganglion to the postganglionic trunk. Observation 6 shows the 
response to the second stimulus alone. Each second stimulus is marked by an arrow. 


Fig. 4. As in Fig. 1, but the stimuli are so weak that either alone fails to set up a de- 
tectable response, observation 4 showing this for the second stimulus. At the longest 
stimulus interval (observation 1) the second stimulus also evokes no response, but at 
the next shortest interval (observation 2) there is a small response, and this increases 
with further shortening of the interval. Each second stimulus is marked by an arrow. 
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Puate II. 


Fig. 5. Postganglionic action potentials evoked by two preganglionic stimuli at 40 msec. 
interval, the strength of the second being constant at 4-0 arbitrary units (observations 
1 and 6 show the response to the second alone), and the first varied as follows: 
observation 2, 5-4; 3, 4-0; 4, 4-25; 5, 8-3; 7, 2-5; and 8, 2-8. 


Fig. 6. A series of ganglionic action potentials similar to Pl. I, fig. 1, showing facilita- 
tion of the second response (compare observations 2 and 4 with observations 1 and 3). 
Observations 5-8 were obtained immediately after painting the ganglion with 0-01 p.c. 
nicotine. | 

Fig. 7. Postganglionic action potentials evoked by two preganglionic stimuli at various 
intervals, the second alone being submaximal for S, (observation 7). Inhibition of the 
S, spike is seen in all observations but the first. In this observation the S, and S, 
spikes are indicated by the corresponding numerals. 


Fig. 8. As in Fig. 7, but the stimulus interval (213 msec.) and the first stimulus (50 arbi- 
trary units) are constant, and the strength of the second stimulus is varied, being for 
observations 1 and 2, 12-5; for 3 and 4, 16-7; for 5 and 6, 33-3. Observations 1, 3 and 5 
show the response to the second stimulus alone at the various strengths. : 


Pruate ITT. 


Fig. 9. As in Fig. 7, but the stimulus interval (200 msec.) and the second stimulus (cf. 
observation 5) are constant, and the first stimulus is varied, its strength being for 
observation 1, 50; for 2, 20; for 3, 16-7; for 4, 12-5. 


Fig. 10. Observations 1, 4 and 5 show postganglionic action potentials evoked by three 
preganglionic stimuli, observation 2 showing the second and third, observation 3 the 
first and third, and observation 6 the third alone. The first stimuli are maximal for S,, 
the third submaximal. With observations 1 and 4 the first and second stimuli are at 
an interval of 14 msec., and with observation 5 at 152 msec. 


Fig. 11. As in Fig. 10, but with longer intervals between the three stimuli. 


Fig. 12. As in Fig. 7, but showing ganglionic action potentials after painting the ganglion 
with 0-02 p.c. nicotine which removes the stage of increasing inhibition. 
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THE CARBOHYDRATE METABOLISM 
OF GUT MUSCLE. 


By B. N. PRASAD. 
(From the Department of Pharmacology, University of Edinburgh.) 
(Received July 5, 1935.) 


INTRODUCTION. 


THE experiments described below were undertaken for the purpose of 
analysing the sources of energy utilized in the contraction process of 
- smooth muscle. The methods used were similar to those which have been 
found of value in analysing the metabolism of skeletal and cardiac muscle. 
The effect of anaerobiosis on the metabolic changes was determined 
firstly on normal muscle and then on muscle poisoned with iodoacetic 
acid. The plain muscle studied was that of the rabbit’s ileum and the 
cat’s colon. The biochemical analyses described in this paper were under- 
taken as a preliminary to the study of the effect of asphyxia under 
various conditions on the mechanical response of smooth muscle. These 
results will be described in a later paper. 


LITERATURE. 


Rosenthal and Lasnitzki [1928] found that the oxygen consump- 
tion of the smooth muscle of the rabbit’s colon was 2-64 c.c. per g. dry 
weight per hour (=0-53 c.c. per g. wet weight per hour), while the 
oxygen consumption of the colon mucosa was about four times as great. 
This result shows that in metabolic studies it is essential to use smooth 
muscle free from mucosa, since when both are present the results will 
express chiefly the changes occurring in the mucosa. Their results also 
show the following values for lactic acid production (g. per 100 g. wet 
weight per hour): rabbit’s stomach muscle, anaerobic, (a) in glucose free 
Ringer’s fluid 0-04, (b) in Ringer’s fluid with 0-2 p.c. glucose 0-6; rabbit’s 
colon muscle in glucose Ringer’s fluid, (a) aerobic 0-031, (6) anaerobic 
0-49, | | 
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The energy set free by the use of 0-53 c.c. of oxygen in oxidizing 
carbohydrate is about 2-5 cal., whilst in the case of skeletal muscle the 
energy set free by the conversion of 5 mg. glycogen to lactic acid and by 
the neutralization of the acid is 1-5 cal. Hence the energy release in the 
anaerobic metabolism of plain muscle in presence of glucose Ringer’s 
fluid is probably of the same order as that in the aerobic metabolism. 
On the other hand, the energy release under anaerobic conditions in 
absence of glucose must be less than one-tenth of these amounts, and 
hence it appears that the gut muscle has relatively little power to convert 
its own carbohydrate to lactic acid. Their figures also show that even 
under aerobic conditions the isolated gut muscle produces a certain 
amount of lactic acid. 

Haarmann [1932] who used dog’s gut and human uterine muscle, 
found that under anaerobic conditions there was little formation of 
lactic acid in absence of glucose, but that when glucose was added there 
was a large formation. Saiki [1908] found that there was very little 
glycogen in the frog’s stomach and bladder and that the lactic acid 
content in fresh specimens was about 0-06 p.c, Evans [1925] found in 
the retractor penis of dogs 0-06 p.c. soluble carbohydrate and 0-2 p.c. 
lactic acid, and the latter figure rose to 0-3 p.c. in rigor. In the fresh 
dog’s intestine he found 0-005 p.c. glycogen and 0-05 p.c. lactic acid, and 
the latter figure rose to 0-08 p.c. in rigor. In a later communication 
Evans [1926] stated that his figure for glycogen in the intestine was too 
low. Horne and Magee [1933] found 0-008-0-025 p.c. glycogen in the 
gut (muscle plus mucosa) of the rabbit. 


METHODS. 


Cat’s colon and rabbit’s ileum were used in the present investigation. 
Rabbits were killed by breaking their necks and cats were first stunned 
with an electro-lethaler and were then killed by cutting the carotids. In 
some cases the colon was removed under ether anesthesia. The gut was 
removed and placed in Ringer’s fluid at 0° C., and muscle was separated 
from the mucosa at this temperature. 

Ringer’s fluid of the following percentage composition was used: 
NaCl 0-9, KCl 0-042, CaCl 0-024 and NaCHO, 0-05. Glucose free Ringer’s 
solution was used except when otherwise stated. 

In all cases sufficient muscle was isolated to serve for the experiment 
and for the control. Care was taken to obtain both sets of muscle from 
adjacent portions of the gut. The gut strips were suspended in Ringer’s 
fluid in a bath at 37°C. The temperature was controlled within 0-1° C. 
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by an electrical thermostat. Aerobic and anaerobic conditions were 
produced by passing oxygen or nitrogen respectively. 

In most of the experiments the gut was allowed to contract spon- 
taneously, but in a few experiments (Table IV) it was stimulated elec- 
trically. The stimulus was an alternating current at 16 volts which was 
applied through the length of the muscle for 5 sec. every minute. The 
results in Table IV indicate that the metabolism of the stimulated gut 
muscle is about 12 p.c. greater than that of the unstimulated gut muscle. 


THE ESTIMATION OF LACTIC ACID. 


The tissue was dried gently between moist filter paper and the moist 
weight was determined on a torsion balance. The tissue was then put into 
ice-cold tungstic acid and ground with sand in acooled mortar. The method 
of estimation used was the modification of Friedemann, Cotonio' and 
Shaffer’s method [1927] used and described by Kerley [1931]. In 
this method manganese sulphate is used to catalyse the reaction and the 
aldehyde formed is distilled over a current of steam instead of air. The — 
distilled aldehyde is absorbed in bisulphate and the bound sulphate is’ 
titrated with iodine. 


THE ESTIMATION OF TOTAL CARBOHYDRATE. — 


The method for determining the total carbohydrate is the same as 
employed by Clark et al. [1931] in this laboratory for the frog’s heart. 
The method was described by Ochoa [1930]. All the carbohydrate is 
converted to reducing dextrose by treating the tissue with 6 p.c. sulphuric 
acid for 3 hours in a boiling water bath. The dextrose is estimated by the - 
method of Hagedorn and Jensen [1923a, 19235]. The total reducing 
substance present is calculated as dextrose. It is described as “total 
carbohydrate”’, although it would be more accurate to speak of “total 
_ reducing Substance” because it probably includes reducing substances 
other than carbohydrates. 


THE CARBOHYDRATE AND LACTIC ACID CONTENT 
OF FRESH GUT MUSCLE. 


The average results obtained by the author with fresh muscle are 
shown in Table I. These results agree fairly well with the results obtained 
by previous workers. The figures for lactic acid content are higher than 
those obtained by other workers, but this is probably due to the inevit- 
able injury produced by separating the muscle from the mucous mem- 
brane. This was carried out in iced Ringer’s fluid, but as the purpose of 
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Taste I. Carbohydrate and lactic acid content of freshly isolated gut muscle, 


Total carbohydrate Lactic acid 
g. per 100 g. muscle g. per 100 g. muscle 
a b a 
obser- Range obser- Range 
Tissue valun value rewulta 


Colon of ‘16 0-684 0-490-0-947 19 


Tleumof 10 0418-0043 11 0:173 0073-0300 
rabbit 

these estimates was to serve as controls for experiments made with 
surviving strips, it was not possible to use more drastic methods (such as 
freezing with carbon dioxide snow) to arrest lactic acid production during 
isolation of the muscle. The variation in the values obtained is consider- 
able, but fortunately it was possible always to make control estimations 
in all the experiments described below and thus to eliminate the effect 
of individual variation. 


THE UTILIZATION OF TISSUE CARBOHYDRATE. 


A series of experiments was made with gut muscle suspended in 
glucose-free Ringer’s fluid. The general object of these experiments was 
to determine how much of its own carbohydrate the muscle could convert 


Tastz II. Utilization of carbohydrate by gut muscle in Ringer’s fluid without glucose. 


Total carbohydrate Lactic acid 
Dura- 100 g. muscle . per 100 g. muscle | 
tion No. Carbo- No. Lactic 
in of hydrate of . | r A . acid pro- 
hours exps. Control Exp. loss §exps. Control Muscle Fluid Total duction 
A. Cat’s colon. 
(a) Oxygenated. 


4 0-760 0-542 0-218 6 0-123 0097 0-078 0-175 0-052 


0-607 0-465 0-142 4 0-110 0130 0-156 + 0-286 0-176 
(Stimulated muscle) 3 0-089 6060-063 
(b) Anaerobic. | 


4 0-760 0-542 0-218 3 0-158 0-092 0-204 0-296 0-138 
(c) In Ringer’s fluid at room temperature. re 
4 0-760 0-503 0°257 3 0-158 0-100 0-244 0-344 0-186 
| B. Rabbit’s ileum. 
(a) Oxygenated. 
sae 0-592 0-437 0-155 7 0-213 0-123 0-105 0-228 0-015 
(6) Anaerobic, 
9 0592 0-348 0-244 7 0-213 0-183 0-165 0-348 0-135 


(c) In Ringer’s fluid at room temperature. 
4 0-573 O316 0257 #3 0-233 0-253 0-366 0-133 
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into lactic acid. The results are summarized in Table II. The result of 
outstanding importance is that although the total carbohydrate content 
of the gut amounted in some cases to as much as 0-760 p.c., yet under no 
conditions was it possible to cause a loss of more than 0-26 p.c. The 
amount of carbohydrate in the gut available for conversion into lactic 
acid is therefore about 0-25 p.c. The gut suspended for 1 hour in oxygen- 
ated Ringer’s fluid utilized, however, from 0-16 to 0-22 p.c. carbohydrate. 

There appears therefore to be a small quantity of labile carbohydrate in 
the gut, and this is fairly rapidly exhausted even under aerobic conditions. 

This conclusion was confirmed by the following experiment. Two 
pieces of cat’s colon were suspended in oxygenated Ringer’s fluid and 
were removed after 1 hour and after 3 hours respectively. The following 
average values were obtained in three experiments. The total carbo- 
hydrate content (mg. per 100 g. muscle) was: after 1 hour 0-437; after 
3 hours, 0-426. The lactic acid in the fluid (g. per 100 g. muscle) was: 
during the first hour 0-100 and during the next 2 hours 0-039. Since the 
fluid was changed at the end of the first hour the cessation of carbo- 
hydrate breakdown was not due to the formation of lactic acid. These 
results indicate that most of the carbohydrate breakdown and lactic 
acid excretion occurs during the first hour of the isolation. 

The lactic acid found in the control strips of the cat’s colon (about 
0-12 p.c.) was three times that found by Evans [1925] in the dog’s 
intestine. It is probable therefore that between 0-05 and 0-10 p.c. of 
lactic acid was formed during the manipulation of the muscle. 

The figures suggest that in the muscle in situ there is about 0-35 p.c. 
of labile carbohydrate, that about 0-10 p.c. of this is changed to lactic 
acid during manipulation, and that from 0-15 to 0-25 p.c. is broken down 
during the first hour of isolation irrespective of whether the conditions 
are aerobic or anaerobic. Table II shows that there was a considerable 
variation in the amount of lactic acid formed under aerobic conditions. 
This suggests that a variable portion of the tissue was receiving an 
inadequate oxygen supply even in oxygenated fluid. The oxygen con- 
sumption of the tissue may be assumed to be about 0-5 c.c. per g. per hour 
[Rosenthal and Lasnitzki, 1928] which equals 0-008 c.c. per g. per 
min. The thickness of typical pieces of colon as estimated from their ~ 
weight and area was 0-14 cm. 

Warburg [1923] calculated that the thickness of tissue (d) which 
would receive an adequate oxygen supply when suspended in fluid 
saturated with oxygen, and using a quantity (A) of oxygen per g. per 
min., was given by the following formula: d=V8D/A; D being Krogh’s 
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constant for oxygen diffusion, which at 37°C. is about 1-7x10-. In 


this case d=»/**7*20" 0.13 cm. Since the average thickness of 
the tissue was about 0-14 cm, it seems probable that when oxygen was 
perfused some pieces got an oxygen supply adequate to prevent lactic 
acid formation, whilst others slightly thicker got insufficient oxygen. 

It has been pointed out that under anaerobic conditions the gut can 
convert only about 0-15 p.c. or 1-5 mg. per g. of its carbohydrate to 
lactic acid. The production of 1-5 mg. lactic acid from glycogen provides 
energy equivalent to about 0-4 cal. The gut under aerobic conditions 
uses about 0-5 c.c. oxygen per g. per hour, and this would suffice to 
oxidize about 0:7 mg. carbohydrate. The oxidation of this amount is 
equivalent to an energy release of about 3 cal. Hence the anaerobic 
glycolysis of the available carbohydrate of the gut is only adequate to 


supply an amount of energy equal to that released under aerobic con- 


ditions in = —s =8 min, This is a remarkable contrast to the skeletal 


muscle and cardiac muscle of the frog, where the tissue carbohydrate 
available for utilization is only exhausted after some hours of anaerobic 
activity. The figures also show that under aerobic conditions nearly the 
whole of the carbohydrate utilization occurs during the first hour, and 
since an isolated gut can continue to function in glucose-free Ringer’s 
fluid for several hours it is evident that it must be able to oxidize other 
material in addition to the carbohydrates. 


UTILIZATION OF ADDED GLUCOSE. 


A series of experiments was made in which cat’s colon muscle was 
suspended in Ringer’s fluid containing 0-1 p.c. glucose. Table III shows 
the amounts of lactic acid produced under aerobic and anaerobic — 
conditions. 

Taste III. Lactic acid production of cat’s colon suspended for 3 hours in Ringer’s 
fluid containing 0-1 p.c. glucose (control value lactic acid 0-135 p.c.). 
Lactic acid in g. per 100 g. muscle 


Gas No.of , ~ 
perfused exps. In muscle In fluid Total Increase 
Oxygen 4 0-09 0-30 0-390 0-255 
Air + 0-111 0-354 0-465 0-330 
Nitrogen 4 0-147 0-604 0-751 0-616 


The substitution of air for nitrogen reduced the lactic acid production 
to one-half, but even when oxygen was perfused there was still a con- 
siderable lactic acid production. Rosenthal and Lasnitzki [1928] 
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found that the lactic acid production per hour of the rabbit’s colon muscle 
in presence of glucose was 0-03 p.c. in aerobiosis and 0-49 p.c. in anaero- 
biosis. My figures (0-255 p.c. in oxygen and 0-616 p.c. in nitrogen) show 
a much smaller difference, and the probable reason for this is that the 
aerobi¢ lactic acid production is unduly high owing to the thickness of | 
the tissue. 

The essential fact shown by my figures is that large quantities of 
lactic acid are produced by the gut muscle in the presence of glucose, and 
hence the failure of the gut to produce similar quantities in absence of 
glucose is due to exhaustion of the available carbohydrate and not to the 
accumulation of lactic acid preventing further production. 

A few experiments were made to see if the gut metabolized lactates 
when supplied with oxygen. Colon strips were suspended for 3 hours in 
glucose-free Ringer’s fluid containing 0-004 p.c. sodium lactate and 
oxygen was passed. Three experiments were made and the amount of 
lactic acid recovered from the muscle and fluid in excess of the lactate 
originally present was 0-20 p.c. of the muscle weight. Control experi- 
ments showed that oxygenation for 3 hours of lactate solutions of the same 
strength did not cause any loss of lactate. This result indicates that 
there is no extensive oxidation of lactates by the gut, but the experiment — 
does not prove that no oxidation occurs, because it has already been 
shown that even when oxygen is perfused the gut may produce a certain 
amount of lactic acid. _ 


THE ACTION OF SODIUM IODOACETATE (8.I1.A.). 


Experiments in which the mechanical response of gut muscle was 
measured showed that when this was poisoned with s.1.a. (1 in 10,000) it 
continued to contract in an apparently normal manner as long as oxygen 
was supplied, but that asphyxia caused arrest in a few minutes, The 
rapidity of arrest made it impracticable to study the lactic acid produc- 
tion of the 8.1.4. poisoned muscle during asphyxia, and this was therefore 
studied in muscles suspended in oxygenated Ringer’s fluid containing 
glucose, a condition under which normal gut muscle produces a consider- 
able amount of-lactic acid. 8.1.4. (1 in 10,000) reduced the lactic acid 
production to-less than one-quarter of the value obtained with the 
normal muscle both when the muscle contracted spontaneously and 
when it was stimulated electrically (Table IV). | 

It was thought possible that the failure of 0-01 p.c. 8.1.4. to abolish 
completely the lactic acid production might be due to a large initial 
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Tasie IV. Cat’s colon strip poisoned with sodium iodoacetate (8.1.4.) and benpeaded 
for 3 hours in oxygenated Ringer’s fluid containing 0-1 p.c. glucose. — 
Lactic acid content (g. per 100 g. muscle) 
2) Control b . Increase. 


Duration 
Conc. of ofexp.in No. o 


8.LA. p.c. hours exps. fluid 
. A. Spontaneous contractions. 

0 3 5 0-153 0-463. +0-310 
0-01 3 3 0-152 0-229 +0077 
0-03 3 3° ©2326 0-283 +0-055 

B. Electrical stimulation. 

2 3 0-100 0-566 + 0-463 
0-01 3 0-100 0-150 + 0-050 


‘Taste V. Cat’s colon strips poisoned with s.1.4. (N/2080) and 
suspended in oxygenated Ringer’s fluid without glucose. 


8.1.4. poisoned 


Normal muscle muscle 
, No. of Oxygenation for Oxygenation for 
Nature of exps. exps Control 10 min. 2 hours 10min. 2 hours 


_ Total carbohydrate content in 5 0-607 0-556 0-465 0-503 0-424 
g. per 100 g. muscle 
Total carbohydrate breakdown = 0-051 0-142 0-104 0-183 


Lactic acid content in g. per 4 0-110 0131 0-286 0-130 0-234 
100 g. muscle 


Lactic acid production = 0-021 0-176 0-020 0-124 


lactic acid production during the period of poisoning. The effect of 1 in 
10,000 (N//2090) sodium iodoacetate on carbohydrate breakdown and 
lactic acid production was studied in glucose-free Ringer’s fluid. The 
results (Table V) show that s.1.a. does produce a slight increase in the 
carbohydrate breakdown in the first 10 min. of its action, but that it 
produces no corresponding increase in lactic acid production. The lactic 
acid production during the first 2 hours is, however, only 30 p.c. less in 
the s.1.4. poisoned muscle than in the normal muscle. The results in Tables 
IV and V show therefore that s.1.4. has a powerful action in reducing 
the glycolysis of sugar in the fluid surrounding the muscle, but has a less 
marked action on the glycolysis of the carbohydrate contained in the 
muscle, 

The most probable reason for this result is that s.1.4. penetrates 
muscles slowly. Gaffar [1935] has shown that at 40°C, N/1000 s.1.a. 
takes about 20 min. to reduce the lactic acid formation of frog’s skeletal 
muscles to one-half normal. His results are in accordance with those of 
Meyerhof and Boyland [1931] who found that 1.4.4. took about 
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30 min. to penetrate fully the sartorius of Rana temporaria, whilst 
Lohmann [1931] found that 1.4.4. took nearly an hour to inhibit — 
completely the lactic acid formation of the muscle pulp. 


DISscussION. 


The results of my analyses suggest that most of the lactic acid found 
in the gut muscle prepared in the manner described in this paper is 
formed during manipulation after isolation. Hence the true value of the 
reducing substances in the fresh gut muscle is probably the sum of the ~ 
amounts found of reducing substances and lactic acid. In the case of the 
cat’s colon the true resting value for reducing substances is probably 
about 0-9 p.c. ; from 0-10 to 0-15 p.c. undergoes glycolysis during isolation — 
and a further 0-25 p.c. is readily glycolysed, but the remaining 0-5 p.c. is 
not glycolysed even after prolonged exposure to anaerobic conditions. 
The gut muscle when isolated contains therefore only about 0-25 p.c. of 
carbohydrate that is available for the supply of energy, and under 
anaerobic conditions this supply is only adequate to support the normal 
activity of the gut for from 5 to 15 min. 

If glucose is added to Ringer’s fluid the gut can convert considerable 
quantities to lactic acid. Glycolysis occurs in presence of glucose even 
when oxygen is perfused through the fluid, and this suggests that the 
muscle does not obtain an adequate supply of oxygen throughout its 
thickness. The application of Warburg’s formula confirms this con- 
clusion. 

The results shown in Tables IV and V suggest that s.1.4. acts im- 
mediately on the surface of the muscle and inhibits glycolysis of sugar 
present in the fluid but that it takes the greater part of an hour to abolish 
all glycolysis in the interior of the muscle. This hypothesis is difficult to 
prove, because in the unpoisoned muscle very little glycolysis of muscle 
carbohydrate occurs after the first hour of isolation, and it is difficult to 
determine whether this small glycolysis is further reduced by s.1.. 


‘SuMMARY. 


1. Isolated gut muscle contains only about 0-25 p.c. of carbohydrate 
available for glycolysis. 
2. Isolated gut muscle in presence of oxygen oxidizes about 1 mg. 
carbohydrate per g. per hour. 
3. Isolated gut muscle in presence of glucose produces considerable 
quantities of lactic acid both under aerobic and anaerobic conditions. 
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The deeper portions of the muscle probably do not obtain an adequate 
oxygen supply even in oxygenated fluid. Under anaerobic conditions 
about 2 mg. glucose per g. per hour is glycolysed. 

4. Sodium iodoacetate (1:10,000) inhibits glycolysis of glucose in 
the Ringer’s fluid in contact with the gut muscle. 

5. Periodic electrical stimulation increases the glycolysis sch about 
12 p.c. 


advice throughout the course of this investigation, and to thank the Moray Research Fund 
of Edinburgh University for a grant in aid of the expenses. 
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THE MECHANICAL ACTIVITY OF GUT MUSCLE 
UNDER ANAEROBIC CONDITIONS. 


By B. N. PRASAD. 
(From the Department of Pharmacology, University of Edinburgh.) 
(Received July 5, 1935.) 


Many writers have observed that lack of oxygen causes a fall in tonus of 
gut muscle and after a certain interval causes cessation of movements. 
Gross and Clark [1923], Hoskins and Hunter [1924] and Garry 
[1928] observed these phenomena in isolated gut. Mikulicz-Radecki 
and Lueg [1924] found temporary increases in tonus and rhythmicity 
followed by diminution in both with the uteri of rabbits and cats in vivo. 
Crisler, van Liere and Booher [1932] found with dog’s stomach 
in vivo decreased movement with oxygen lack. Gross and Clark [1923] 
also found that asphyxia abolished the response of the gut to adrenaline 
and pilocarpine, and Schmitt and Nicoll [1933] have shown that 
cyanide, hydrogen sulphide and carbon monoxide inhibit the response 
of isolated intestine to a variety of drugs that normally cause tonic 
contraction. 

A number of other observers have shown that a moderate change in 
pH towards acidity causes loss of tonus and diminution of mechanical 
activity in plain muscle [Hatai and Hammett, 1920; Hammett, 
1922; Evans and Underhill, 1923; and Gruber, 1927]. Gaskell 
[1880] and Bayliss [1901] found vaso-dilatation in the frog with weak 
lactic acid. Young [1915] and Bottazzi [1916-17] confirmed these 
results on mammalian intestine. Wild and Platt [1902] found that 
acidity caused vaso-constriction in the frog, but that very weak acid 
‘sometimes caused a preliminary dilatation. Fardon [1908] obtained 
lowered tonus and diminished spontaneous contraction of the mammalian 
uterus with acid. Contraction of the smooth muscle with acid has been 
observed by Fleisch [1918, 1921], Hooker [1912], Ishikawa [1914] 
and Fraenkel and Morita [1925]. McSwiney and Newton [1927, 
1928] have investigated elaborately the effect of great and moderate 
acidity and found that the latter produced relaxation of tonus and 
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diminution in the rate of contraction of the smooth muscle. Ets and 
Hemwall [1933] found that 1 in 100,000 NaCN abolished the rhythm 
of the rabbit’s ileum, but that this effect was decreased. by addition of 


di xtrose. 
METHODS. 


Rabbit’s ileum (complete) and cat’s colon (free from mucous coat) 
were used for this investigation; in the former spontaneous mechanical 
activity and in the latter electrically stimulated activity were studied. 

(a) Spontaneous activity. A modified Trendelenburg’s technique 
was employed in this case. The arrangement of bath (25 or 10c.c.) and 
thermostat used is a modification of that described by Burn and Dale 
[1922]. The Ringer’s fluid was the same as described previously [Prasad, 
1935). 

(6) Electrical stimulation of smooth muscle hes been used by various 
workers. Evans [1925] stimulated the stomach of the tortoise and frog 
and the bladder of the cat in a moist chamber with a galvanic current of 
sufficient strength to cause maximum contraction. Winton [1926] 
stimulated the retractor penis of the dog in a special narrow chamber in 
which the muscle was suspended in Burn and Dale’s solution. Some- 
times faradic but usually direct currents were used. Winton found that 
relatively strong currents were required and that the tissue could easily 
be injured by an unduly intense stimulus. M. G. Eggleton [1934] 
measured the effect of stimulation on the content of phosphagen in the 
retractor muscle of the foot of Mytilus edulis. She used alternating 
current (50 cycles) at 16 volts, and the amount of current passing between 
the electrodes, through the sea water in which the tissue was suspended, 
was of the order of 60 milliamperes. Only a small fraction of this passed 
through the muscle itself. — 

The author first tried stimulation of strips of cat’s colon with a direct 
current. A stimulus of 70 volts for 6 sec. every minute was found adequate 
for the purposes of the investigation. The high intensity of current was 
found, however, to produce injury to the muscle, which was shown by 
abnormal behaviour and by irregular response to drugs. Polarization of 
the electrodes also was found to be a serious source of error with direct 
current at this high voltage. Alternating current (50 cycles) at a low 
voltage (16-18) was therefore tried. This gave an adequate stimulus and 
did not injure the tissue, nor did serious polarization occur. The electrodes 
showed blackening after a day’s use but could be cleaned quite easily. 
Observations on the muscle stimulated in this way could be carried on 
for 6 hours, and at the end of such a period the tissue still showed no sign 
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of injury. In order to facilitate electrical stimulation natrow tubes of 
10 c.c. capacity were used for the bath. Smaller tubes were found difficult 
to use because the passage of gas bubbled tended to blow the fluid out of 
the tube when this latter was reduced to too small a diameter. Elec- 
trodes of coiled silver wire were used. They did not touch the muscle, 
but the current passed through the whole length of the fluid in which 
the muscle was suspended, The muscle was stimulated for 6 sec. every 
minute with an automatic make and break arrangement fixed on a 
revolving plate. It was found that muscle when stimulated would lift a 
considerable weight, and a weight of 5 g. was hung on the recording lever 
at a distance from the pivot equal to the distance between the pivot and 
the attachment of the muscle. This arrangement had the advantage of 
abolishing effects due to slight changes in tonus. The current passing 
between the electrodes was measured and found to be of the order of 
5-10 milliamperes of which only a small fraction passed through the 
muscle, 


Fig. 1. Effect of asphyxia on spontaneous activity of A=rabbit’s stomach, 
B=rabbit’s duodenum, C=cat’s colon. (Time=1 min.) 


THE EFFECT OF ASPHYXIA IN GLUCOSE-FREE RINGER'S FLUID. 


Fig. 1 shows the effect of asphyxia on the spontaneous activity of gut. 
The rabbit’s stomach (Fig. 1A) is paralysed more rapidly than is the 
rabbit’s duodenum (Fig. 1 B) or the rabbit’s ileum (Fig. 5), and the cat’s 
colon is paralysed much more slowly (Fig. 1C). The essential effects are 
an immediate fall in tonus, followed by a continuous decrease in the 
amplitude of the contractions, which terminates in arrest. Fig. 2 shows 
that asphyxia produces the same sequence of effects in the colon when 
this is stimulated electrically. 
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The introduction of oxygen causes rapid recovery both of tonus and 
contractions, but subsequent asphyxia produces arrest much more 


Fig. 2. Effect of asphyxia on stimulated colon of cat. A=for the first time after removal 
from the animal, B =for the third and fourth time, same strip. (Time=1 min.) 


rapidly than does the first asphyxia. This decrease in the power to main- 
tain anaerobic activity confirms the conclusion drawn from chemical 
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analysis in the preceding paper, that the gut has only a small store of 
carbohydrate which is available as a supply of anaerobic energy, and 
that this is depleted by asphyxia after a few minutes. 


Fig. 3. Effect of asphyxia on spontaneous activity of rabbit's ileum in A, 
acid fluid (pH 6-2); B, neutral fluid (pH 7-2). (Time=1 min.) 


When ordinary Ringer’s fluid was used (cf. Fig. 5) the reaction at the 
time of asphyxial arrest was never found to be below pH 7:8. Fig. 3 shows 
the effect of asphyxial arrest in neutral (pH 7-2) and acid (pH 6-2) fluid. 
This shows that the rate at which asphyxial arrest occurs is not markedly 
affected by changes in the pH of the perfusion fluid. This result is in 
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sharp contrast to the behaviour of the frog’s heart in which asphyxia 

produces rapid arrest in neutral Ringer’s fluid but in alkaline Ringer’s 

fluid only produces arrest after some hours [Clark, Eggleton and 
“Eggleton, 1932]. 

The difference in the behaviour of these tissues is explained by the 

fact that the gut muscle has a much smaller carbohydrate reserve than 

has the frog’s heart, and hence the gut cannot maintain anaerobic 


activity for long even when conditions are favourable for the glycolysis of 


its own carbohydrate. 


Fig. 4. Effect of asphyxia on spontaneous activity of rabbit's ileum in 0-1 p.c. glucose 
Ringer’s fluid: A, acid fluid (pH 6-0); B, alkaline fluid (pH 8-2). (Time =1 min.) 


THE EFFECT OF GLUCOSE IN RESPONSE TO ASPHYXIA. 


The addition of glucose prevents asphyxial arrest. as long asthe fluid sur- 
rounding the gut remains alkaline (Fig. 4B), but in acid Ringer (Fig. 4 A) 
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Fig. 5. Effect of oxygen and glucose (0-1 p.c.) on revival of arrested _ | 
spontaneous movements and tonus of rabbit’s ileum. (Time=1 min.) 


| ) glucose has little beneficial action. Similarly the addition of glucose 
to a gut arrested in glucose-free Ringer causes partial restoration of tonus 
and of amplitude. Fig. 5 shows that both oxygen and glucose are needed 
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for the full restoration of activity after asphyxia, but that either causes 
a partial restoration. 

The effects of sodium cyanide are similar to the effect of avria.: 
it causes paralysis which is abolished by glucose. Ets and Hemwall 


Fig. 6. Effect of sodium cyanide and insulin on spontaneous 
movements of rabbit’s ileum. (Time =1 min.) 


Fig. 7. Effects of glucose and mannose on asphyxiated and stimulated cat’s colon. Con- 
B=mannose. (Time=1 min.) 


[1933] found a beneficial effect of glucose and insulin with gut muscle 
poisoned by NaCN. I was unable to find any indication that the utiliza- 
tion of glucose by plain muscle was improved by addition of insulin. 
These results are illustrated in Fig. 6. 
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THE EFFECT OF VARIOUS CARBOHYDRATES AND CARBOHYDRATE 
DERIVATIVES, ETC., ON THE ASPHYXIATED GUT. 


The stimulant action of glucose on the asphyxiated gut is rapid and 
definite, and hence this preparation is a favourable one on which to test 
the power of the gut to obtain anaerobic energy from carbohydrates, etc. 
Figs. 7 and 8 show the type of results obtained, and these are summarized 


Tastx I. Beneficial action of carbohydrates, etc., on (a) the asphyxiated 
~ gut and (6) the asphyxiated and exhausted frog’s heart. 


(0) 
Substance 1934] 

Polysaccharides: 

Starch 

Disaccharides : 

Maltose 
Lactose 
Sucrose 

Monosaccharides : 

Glucose +++ +++ 
Mannose +++ +++ 
Fructose + 
Galactose ont 

Pentoses: 

Arabinose 

Xylose 

Possible breakdown 
of carbohydrates : 

Dik acetone 

Glycerio aldeh ++* ++* 

Methyl ++* ++ 
vate 

Various substances: 

Amino acids, glycine and alanine - - 
Lipoids, sodium oleate 
+++ =com revival. 
+ = feeble and short revival. 
- =nore 


i Table I. The results given in Table I show that glucose and mannose 


are utilized equally rapidly by the gut muscle, that fructose is utilized 


- toa small extent, but that the gut muscle cannot utilize any of the other 


carbohydrates tested. The results with possible wn products of 
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Fig. 


8. Effect of carbohydrates, etc., on asphyxiated and stimulated cat’s colon. Different 
substances were added at arrow marks to obtain 0-1 p.c. final concentration. (A) 1 = 
alanine, 2=glycine, 3=glucose. (B) 1=sodium lactate, 2=sodium pyruvate, 3= 
sodium oleate, 4=glucose. (C) 1=maltose, 2=glucose. (D) 1 =galactose, 2 = glucose. 
(E) 1=fructose, 2=glucose. (Time marked in figures indicates stoppage of drum.) 
(Time =1 min.) 
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carbohydrate show that gut can utilize glyceric aldehyde and methy!l- 
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glyoxal in very low concentrations, but in higher concentrations these 
substances produce spasmodic contracture and injure the muscle. 


THE ACTION OF IODOACETIC ACID. 


Iodoacetic acid produces no certain effect on gut as long as this is 
supplied with oxygen, but asphyxia causes rapid arrest, and the presence 
of glucose does not delay the asphyxial arrest. Fig. 9 shows the effect of 
asphyxia in presence of glucose in the normal and in the 1.4.4. poisoned | 
gut. In the absence of glucose the contrast is less marked because 
apshyxia arrests the normal gut fairly rapidly, : 


Fig. 9. Effects of asphyxia on spontaneous movements of rabbit's ileum in 0-1 p.c. glucose 
Ringer’s fluid. A=without 1.4.4., B=with 1.4.a. (1:10,000). (Time=1 min.) 


The 1.4.4, poisoned colon is arrested by asphyxia in about 3 min. 
(Fig. 10A). The tonus first falls and then rigor occurs. Introduction of 
air before the rigor develops restores the activity (Fig. 10B), but once 
rigor has occurred the gut cannot be revived (Fig. 10C). The rapid 
asphyxial arrest of the 1.4.4, poisoned muscle shows that this contains 
only a small store of non-carbohydrate substance that can be utilized 
as the source of energy under anaerobic conditions. 

The action of various substances was tested on the 1.4.4. poisoned 
gut both in presence of oxygen and during asphyxia ; the results obtained 
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Fig. 10. Effect of 1.4.4. (1:10,000) on stimulated cat’s colon. A=time of asphyxial arrest 
about 3 min. B=arrested movements are revived if oxygenation is resumed soon. 
C=when muscle is passing into rigor, oxygen does not revive its movements. (Time 
=] min.) 
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are summarized in Table II. In presence of oxygen glucose did not 
produce any beneficial action nor did sodium lactate (Fig. 11). In 
presence of oxygen sodium pyruvate (Fig. 12) and methylglyoxal 


Tasie II. Action of different substances on 1.4.4. poisoned 
and normal cat’s gut with and without oxygen. 
LAA. 


Normal gut poisoned gut 
Substances tested and ‘With Without ~=‘With Without 
conc. in p.c. oxygen oxygen oxygen oxygen 
Glucose (0-1 p.c.) +++ +++ 
Methylglyoxal (0-01 p.c.)* + +. +: -(t) 
Glyceric aldehyde (0-01 p.c.)* + + + -=(F) 
Sodium (0-1 p.c.) - 


++ += good beneficial effect. 
+ + = moderate beneficial effect. 
+ = slight beneficial effect for short time. 
ke no effect, highe 
= poisonous in r concentration. 
+ = sudden contracture. 


Fig. 11. Effects of sodium lactate and glucose on 1.4.4. poisoned cat’s gut stimulated in 
oxygenated Ringer’s fluid; shows no beneficial effect. (Time =1 min.) 


(Fig. 13C) produced a slight increase in the amplitude of contractions, 
but in the absence of oxygen these substances produced no beneficial 
action, 

~The action of methylglyoxal on the 1.4.4. poisoned gut is of interest, 
because Barrenscheen et al. [1931] showed that methylglyoxal accu- 
mulated in skeletal muscle poisoned with 1.4.4. and Ledebur [1933] 
pointed out that in skeletal muscle methylglyoxal produced a rigor 
similar to that produced by 1.4.4. In the case of normal asphyxiated gut 
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methylglyoxal in low concentration (0-01 p.c.) produced a beneficial 
action, and in larger concentrations (0-05 p c.) it produced a tonic con- 
traction which might or might not be reversible (Fig. 13 A and B). In 
the 1.4.4. poisoned gut it produced increased contractions and rise of 
tonus when oxygen was present, but when the gut was asphyxiated it 
caused immediate rigor (Fig. 13C). These results support the possibility 
that the rigor which occurs in asphyxiated 1.4.4. poisoned gut muscle 
may be associated with the accumulation of methylglyoxal. Golden- 
berg et al. [1935] have, however, been unable to demonstrate any such 
accumulation in animals in vivo. : 


Fig. 12. Effects of sodium pyruvate on 1.4.4. poisoned cat’s gut stimulated in 
oxygenated Ringer’s fluid; shows beneficial effect. (Time =1 min.) 


Gaddie and Stewart [1934] showed that the sodium iodoacetate 
poisoned frog’s ventircle when arrested in nitrogen could be revived with 
glutathione, but the recovery was never complete. They suggested that 
1.4.4. had other effects than that of inactivating co-glyoxalase, and that 
these other effects were not reversible by any means yet discovered. In the 
case of gut muscle the author was unable to detect any beneficial action 
produced by addition of glutathione to 1.4.4. poisoned and asphyxiated 
muscle. | 
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Fig. 13. Effect of methylglyoxal on stimulated cat’s gut muscle. A, asphyxiated muscle 

- shows beneficial effect in low concentration of 0-01 p.c. and rigor effect in 0-05 p.c. 
B, muscle passes into rigor in high concentration 0-1 p.c. and is not reversible; C, in 
aerobiosis and poisoned with 1.4.4. (1:10,000) muscle shows some beneficial effect but 
introduction of anaerobiosis sends it into sudden rigor. (Time =1 min.) 


Discussion. 


Experiments on the response of the gut muscle to asphyxia at first 
suggested that its behaviour was quite unlike that of the frog’s heart. 
The biochemical analyses, described in my previous paper, explained 
these differences, since they showed that unlike the heart, the gut muscle 
possessed no large store of carbohydrate available for the production of 
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anaerobic energy by glycolysis, Another difference is that under aerobic 
conditions the frog’s heart does not oxidize or glycolyse glucose present 
in the perfusion fluid, whereas the gut muscle usually glycolyses a con- 
siderable amount of glucose even under aerobic conditions. This differ- 
ence is explained by the fact that the gut muscle is too thick to obtain an 
adequate oxygen supply throughout its substance even when oxygen is 
supplied freely. 

Apart from these two important differences the metabolism of the 
mammalian gut muscle shows a very close resemblance to that of the 
frog’s heart. The frog’s heart under aerobic conditions utilizes a mixed 
diet of carbohydrate and non-carbohydrate material. This must also be | 
true of the mammalian gut muscle for the following reasons: 

(a) The gut muscle under aerobic conditions exhausts nearly the 
whole of its available carbohydrate in an hour [Prasad, 1935], but it 
can continue regular activity for many hours without the addition of 
glucose. 

(b) 1.4.A. abolishes glycolysis and yet does not markedly depress the 
activity of gut muscle provided that this is supplied with oxygen (Fig. 
10B). 
The activity of the gut muscle is, however, maintained best when it is 
supplied with both glucose and oxygen (Fig. 6 A and B). Therefore the 
optimum condition for the activity of the gut muscle appears to be when 
it is utilizing both carbohydrate and non-carbohydrate sources of energy. 

The gut muscle when poisoned with 1.4.4. and deprived of oxygen is 
arrested in about 3 min. The sources of available anaerobic energy other 
than carbohydrate are, therefore, very small. This agrees with the finding 
of Eggleton and Eggleton [1929] that the phosphagen content of 
mammalian plain muscle is only 2:3-5-1 mg. of phosphagen per 100 g., 
whilst Eggleton [1934] has shown that the arginine phosphate of 
Mytilus muscle is reduced in asphyxia. It is reasonable, therefore, to 
assume that the short anaerobic activity in the 1.4.4. poisoned gut muscle 
measures the time required to exhaust its small store of phosphagen. The 
effect of 1.4.4. on gut muscle is in all respects similar to its action upon 
the frog’s heart. 

The power of mammalian gut muscle to utilize various carbohydrates 
and breakdown products of carbohydrate appears to be identical with 
the powers of the frog’s heart (cf. Table I). 

It is of interest to note that the effect of acidity on the gut muscle is. 
similar to its effect on the heart. An acidity of pH 6-0 does not markedly 
affect the activity of the gut as long as this is supplied with oxygen, but 
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when the oxygen supply is cut off the gut is rapidly arrested, presumably 
because the acidity inhibits glycolysis. 

The power of methylglyoxal and glyceric ahiakonte: to restore partial 
activity of gut muscle in nitrogen suggests the probability of these being 
intermediate products in the path of glycolysis. 

Sodium pyruvate produces a definite beneficial effect on 1.4.4. poi- 
soned gut muscle (Fig. 13). This suggests that 1.4.4. stops the process of 
glycolysis before this stage. Haarmann [1932] found that lactic acid 
_ could be produced by muscle poisoned with bromacetic acid on addition 
of pyruvate. 

SuMMARY. 


1. Asphyxial arrest of the mechanical movements of gut muscle is 
not due to accumulation of acid but to exhaustion of its labile carbo- 
hydrate store. 
_ 2. The mechanical experiments confirm the biochemical findings that 
the gut muscle has only a small reserve of available carbohydrate. 
3. Gut muscle probably utilizes a mixed diet of carbohydrate and 
non-carbohydrate material in aerobiosis. 


4. The activity of the gut muscle is maintained best when it is 
supplied with both glucose and oxygen. 

5. 14.4. poisoned gut muscle has a very limited activity under 
anaerobiosis; this suggests a small phosphagen content. _ 


The author wishes to acknowledge his great indebtedness to Prof. A. J. Clark for his 
advice throughout the course of this investigation, and to thank the Moray Research Fund 
of Edinburgh University for a grant in aid of the expenses. 
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AFFERENT FIBRES FROM THE ABDOMEN 
_IN THE VAGUS NERVES. | 


By A. A. HARPER, B. A. McSWINEY an 8. F. SUFFOLK. 
(Department of Physiology, University of Leeds.) 
(Received June 26, 1935.) 


EvipENcE has recently been advanced of the existence of afferent 
fibres from the abdomen in the splanchnic nerves [Bain, Irving and 
McSwiney, 1935]. It is also believed that afferent fibres from the 
abdomen are present in the vagus nerves, but the evidence in support 
of the presence of these fibres is unsatisfactory, and in many instances 
the experimental results reported are contradictory. Thus on the one 
hand it is stated that there is no evidence for the presence of sensory 
fibres in the abdominal vagus nerves [Miiller, 1911]; while other investi- 
gators, working on dogs, have found that when all afferent pathways 
except the vagi have been eliminated, the abdominal viscera still remain 
sensitive [Lebedenko and Brjussowa, 1930]. 

Histological studies of the abdominal vagus nerves have been made 
by Edgeworth [1892], Miiller [1911], van Gehuchten and Molhant 
[1911], and Chase and Ranson [1914]. Heinbecker and O’Leary 
[1933] have studied the time of conduction of impulses in the vagus 
nerve, and are of the opinion that all the afferent fibres of the nerve are 
medullated fibres of the somatic type. Edgeworth also describes large 
medullated fibres in the abdominal vagus nerves which he regards as 
sensory in function, but he considers it unlikely that these are the sole 
sensory fibres in the vagus. 

Examination of the literature reveals the fact that while a number 
of investigators have obtained evidence of afferent fibres in the vagus 
trunks of the abdomen, few of these have set out definitely to investigate 
the course and pathway of these fibres. The study of afferent fibres in 
the vagus trunks of the abdomen in all instances has depended upon the 
elicitation of some reflex response in the animal. 
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Various reflexes have been used in these observations. Stimulation 
of the central end of a gastric vagus branch in the dogfish was found by 
Lutz [1930] to produce cardiac and respiratory inhibition. Mc William 
[1885] obtained similar results in the eel on stimulating the vagus nerves 
on the oesophagus, but found that stimulation of the vagus nerves on 
the stomach was ineffective in producing inhibition. On the other hand, 
a rise of blood-pressure and acceleration of the heart were observed by 
Carlson and Luckhardt [1921] on stimulating the central end of the 
- gastric vagus nerves in the turtle. Brodie and Russell (1900), working 
on cats and dogs, observed a slowing of the heart, after a preliminary 
slight increase in the blood-pressure and heart raté, on stimulating the 
central ends of the gastric vagus nerves. A comparison of the effect of 
stimulation of afferent fibres in the abdominal-vagus upon the blood- 
pressure and respiratory movements in the rabbit and cat has been made 
by Miller [1911] and by Neumann [1914]. | 

_ Contraction of the lung and of the stomach has also been used as 
an index of visceral afferent fibres from the abdomen. Carlson and 
Luckhardt [1920] obtained reflex lung contraction on stimulation of — 
the central end of branches of the gastric vagus nerves in turtles. 
Rogers [1917], working on decerebrate dogs, found that stimulation 
of the central end of one abdominal vagus trunk or of the vagus in the 
neck produced spasmodic contraction of the entire stomach, if the other 
. Vagus was left intact. 

As the dilatation of the pupil in the chloralosed cat is a more sensitive 
index of visceral afferent nerve activity than the reflex responses used 
by previous investigators, we have used this reaction to demonstrate 
the existence of visceral afferent fibres in the abdominal vagus nerves, 
and to work out the centripetal pathways of these fibres. Bain, Irving 
and McSwiney [1935] have recently published a series of observations 
in which they used the dilatation of the pupil as an index of afferent 
fibres in the splanchnic nerves. The mechanism of the dilatation of the 
pupil, which is fully discussed by Bain, Irving and McSwiney, appears 
to be the same for afferent fibres in both the vagus and the splanchnic 
nerves, that is, the dilatation is produced by inhibition of the nucleus 
of the third cranial nerve. 


ANATOMY OF THE ABDOMINAL VAGUS NERVES IN THE OAT. 
Caudal to the roots of the lungs the right and left vagus nerves form 


the oesophageal plexus of the vagus round the lower part of the ceso- 
phagus. From the cesophageal plexus arise the ventral and the dorsal 
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vagus trunks, which pass through the diaphragm on the ventral and 
dorsal aspects of the cesophagus respectively, and it is by these two nerve 
trunks that the vagus nerves reach the abdomen. The ventral vagus 
trunk is mainly distributed to the stomach, while the major portion of 
the dorsal trunk passes by its coeliac division to the cceliac ganglia. _ 


R. Vagus L, Vagus 


Fig. 1. The abdominal vagus nerves. 


All the experiments were performed on cats. Anssthesia was induced 
by ether and maintained by the intravenous injection of chloralose 
[Martindale], the dosage varying from 0-07 to 0-08 g. per kg. body 
weight. The pupil was illuminated by a small lamp, and the changes in 
diameter observed through a ssh thas microscope with a micrometer 
scale in the eyepiece. 

The abdominal vagus nerves were approached transperitoneally 
through a mid-line incision, and the portion of nerve to be stimulated 
was dissected out and cut between ligatures. Stimulation was applied 
to the central end of the ventral or dorsal vagus trunks near the cardia, 
or to branches of these trunks on the lesser curvature of the stomach. 
In our earlier experiments we stimulated the central end of the cut nerve 
by faradic shocks, using either unipolar or bipolar electrodes. We subse- 
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quently observed that these nerves were more sensitive to pinching with a 
pair of artery forceps, and in our later experiments we have —* used 
this type of stimulus. 

EXPERIMENTAL RESULTS. 


The afferent fibres from the upper abdomen may pass by the 
vagus nerves to the medulla; by the phrenic nerves to the fifth and 
sixth cervical dorsal roots; by the splanchnic nerves, which, as Bain, 
Irving and McSwiney have shown, contain afferent fibres which enter 
the spinal cord as high as the third thoracic dorsal roots; and by the 
intercostal nerves from the anterior abdominal wall as high as the sixth 
or seventh thoracic dorsal roots. 


Afferent fibres in the cervical vagus nerves. 

In the first series of experiments we eliminated all afferent pathways 
except the vagus nerves by transecting the spinal cord between the 
second and third cervical roots. Stimulation of the ventral or of the 
dorsal trunks in the abdomen produced dilatation of the pupil (Fig. 2 A). 
On repeating the stimulation after section of either the right or the left 
vagus nerve in the neck dilatation of the pupil was still obtained 
(Fig. 2B). After subsequent section of the remaining vagus nerve in 
the neck no dilatation of the pupil was obtained on stimulating the 

ventral or dorsal vagus trunks (Fig. 2C), although the pupil still re- 
_ sponded to stimulation of the pinna. 
From these experiments we conclude that visceral afferent fibres in 


the ventral vagus trunk and in the dorsal vagus trunk pass to the 
_ medulla by both cervical vagus nerves. 


Cell stations in the afferent cervical vagus nerves. 

In another series of animals 1 p.c. nicotine was painted on the 
ganglion nodosum of the right and left vagus nerves, and on both 
superior cervical sympathetic ganglia after section of the cord between 
the second and third cervical roots, Thirty minutes later stimulation of 
the cervical sympathetic, which had previously caused a dilatation of 
the pupil, was without effect, showing that the nicotine had paralysed 
the synapses in the superior cervical sympathetic ganglion. The dilatation 
of the pupil on stimulating the ventral or dorsal vagus trunks was, 
however, quite unaffected. We therefore conclude that the visceral 
afferent fibres passing to the medulla by the vagus nerves have no 
synapses in the ganglia nodosa comparable to those in the sympathetic 
ganglia in the efferent sympathetic — 
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Fig. 2C. 


Fig. 2. Illustrating that afferent fibres from the abdominal vagus nerves reach the medulla 
by both cervical vagus nerves. A, stimulation of the abdominal vagus nerves, after 
transection of the spinal cord between the second and third cervical roots, causes 
dilatation of the pupil. B, dilatation of the pupil is still obtained on stimulation of 
the abdominal vagus nerves; after section of the right vagus nerve in the neck. 
C, after section of the left vagus nerve in the neck, no dilatation of the pupil is obtained 
on stimulating the abdominal vagus nerves. 

RSpl.=right splanchnic nerve; — splanchnic nerve; V.V.7'.=ventral 
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Afferent fibres in the vagus nerves which enter the spinal cord. — 


We have also obtained evidence of a second group of afferent fibres 
which leave the vagus nerves in the thorax and enter the spinal cord 
by the dorsal spinal roots. To demonstrate the existence of this second 
pathway a series of experiments of the following type was carried out. 


Nerve Ill. Nerve 


| 


Vague 


R. Phrenic L. Phrenic R. Phrenic 


Fig. 3A. | Fig. 3B. 


Fig. 3. Illustrating that afferent fibres from the abdominal vagus nerves enter the spinal 
cord by the thoracic dorsal roots. A, after elimination of all known afferent pathways 
from the upper abdomen, stimulation of the abdominal vagus nerves produces dila- 
tation of the pupil. B, after section of the third, fourth and fifth thoracic dorsal roots 
on both sides, no dilatation of the pupil is obtained on stimulation of the abdominal 
vagus nerves, Lettering as Fig. 2. 


All known afferent pathways from the upper abdomen were elimi- 
nated by the following procedures. The spinal cord was transected 
between the sixth and seventh thoracic roots and the sixth dorsal roots 
were cut, to eliminate afferent fibres in the intercostal nerves. The 
sympathetic pathway was interrupted by section either of the splanchnic 
nerves extraperitoneally on both sides, or of the sympathetic chains in 
the thorax below the level of section of the spinal cord. Both phrenic 
nerves were divided in the thorax, and both vagus nerves and both 
cervical sympathetics were cut in the neck. 
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Stimulation of the ventral or dorsal vagus trunks or of their branches 
on the lesser curvature of the stomach now produced dilatation of the 
pupil (Fig. 3A), but after section of the third, fourth and fifth dorsal 
spinal roots on both sides stimulation of the trunks was ineffective and 
dilatation of the pupil was not obtained (Fig. 3B). 

As all known pathways from the upper abdomen were eliminated the 
dilatation of the pupil in this instance must have been due to conduction 
of impulses in afferent fibres of the abdominal vagus nerves which enter 
the spinal cord, In some experiments it was necessary to cut the second 
thoracic dorsal roots to abolish the dilatation. The impulses which enter 
the spinal cord by these fibres ascend in the central nervous system at 
least as high as the mid-brain, as dilatation is still obtained after section 
of the cervical sympathetics. 

A further series of experiments was performed to obtain more precise 
information of the pathway of these fibres in the thorax. In the first 
series the preliminary operative procedures were similar to those just 
described, but in addition the third, fourth and fifth thoracic dorsal roots 
were divided on the right side. Any dilatation of the pupil on stimulating 
the abdominal vagus trunks could thus only be produced by afferent 
fibres reaching the spinal cord by the second right and the second, third, 
fourth and fifth left dorsal roots. 

Stimulation of the ventral or dorsal vagus trunks produced dilatation 
of the pupil. The third, fourth and fifth left intercostal arteries were then 
cut between ligatures close to their origin from the aorta, and stimulation 
of the ventral and dorsal vagus trunks was repeated, but no dilatation 
of the pupil was obtained. The left sympathetic chain was then stimu- 
lated above the point of section and dilatation of the pupil was obtained. 
Stimulation of the third, fourth and fifth left intercostal nerves was also 
effective, indicating that section of the intercostal arteries had not 
affected the conduction of nervous impulses by the dorsal roots. From 
this we conclude that these afferent fibres in the abdominal vagus nerves 
which enter the spinal cord run in close relationship to the intercostal 
arteries, as they take origin from the aorta. 

We occasionally failed, in animals where the abdominal vagus nerves 
were smaller than usual, to obtain dilatation of the pupil, when only the 
third, fourth and fifth left dorsal roots were conducting. The failure to 
obtain dilatation in these experiments may therefore be due to an in- 
sufficient number of fibres conducting impulses by these roots from the 
abdomen. 

A second series of experiments was carried out to determine whether 
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these fibres which entered the spinal cord by the upper thoracic roots 
left the thoracic vagal trunks in the region of the csophageal plexus. 
In this series the same preliminary operative procedure was carried out. 
After dilatation of the pupil had been obtained on stimulating the 
ventral and dorsal vagus trunks, the esophagus was tied and cut be- 
tween ligatures at the level of the seventh to eighth thoracic vertebra, 
and the vagus nerves, lying on the wall of the esophagus, were included 
in the ligature and cut. Stimulation of the abdominal vagus nerves now 
failed to elicit dilatation of the pupil. We conclude therefore that the 
fibres entering the spinal cord by the upper thoracic roots leave the 
thoracic vagal trunks above the level of the esophageal plexus. 

To determine the extent of the distribution of the afferent fibres in 
the abdominal vagus trunks which enter the spinal cord, a series of 
experiments of the following type was performed. The phrenic nerves 
and sympathetic chains were cut in the thorax and both vagus nerves 
and both cervical sympathetics were divided in the neck. The second, 
third, fourth and fifth thoracic dorsal roots on both sides were cut. 
Stimulation of the ventral or dorsal vagus trunks produced dilatation 
of the pupil. The dilatation of the pupil was still obtained after section 
of the sixth and seventh dorsal roots on both sides, but: was not obtained 
after section of the eighth dorsal roots. By experiments of this type we 
have determined that fibres from the ventral and dorsal vagus trunks 
enter the spinal cord by the dorsal roots as low as the eighth thoracic 
roots. The upper level of entry was usually found to be the third thoracic 
dorsal roots, but in a number of experiments conducting fibres were 
present in the second thoracic dorsal roots. 


Collating the results of these sets of experiments we conclude that a 


proportion of the visceral afferent fibres in the abdominal vagus nerves 
leave the thoracic vagal trunks, accompany the intercostal arteries from 
the aorta, join the intercostal nerves close to their exit from the inter- 
vertebral foramina, and enter the spinal cord by the dorsal roots from 
the third to the eighth thoracic roots inclusive. We have obtained no 
evidence that these fibres pass through the thoracic sympathetic chains 
in any part of their course, nor have we obtained any evidence that 
afferent fibres from the abdominal vagus nerves enter the spinal cord 
by the ventral roots. Removal of the adrenal glands did not appear to 
alter the reaction of the pupil to stimulation of the nerve fibres. 


We have examined the first portions of the third to the sixth left 


intercostal arteries by Gairn’s gold chloride method, and have found one 
or more bundles of nerve fibres accompanying the arteries in the extra- 
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pleural fat. These bundles contain both myelinated and non-myelinated 


fibres, but we have at present no evidence as to which of these fibres are 


afferent components from the abdominal vagus nerves. 


abdominal vagus nerves. _ 

In animals prepared so that only the third and fourth thoracic dorsal 
roots were conducting impulses from the abdominal vagus nerves, 1 p.c. 
nicotine was painted on the third and fourth thoracic dorsal root ganglia 
and on the right superior cervical sympathetic ganglion. Thirty minutes 
later stimulation of the right cervical sympathetic, which had previously 
produced dilatation of the pupil, was without effect. Stimulation of the 
ventral or dorsal vagus trunks, on the other hand, produced dilatation 
of the pupil. We conclude therefore that the visceral afferent fibres in 
the abdominal vagus nerves which enter the spinal cord by the thoracic 
dorsal roots have no synapses in the dorsal root ganglia comparable to 
those in the sympathetic ganglia in the efferent sympathetic pathway. 


SuMMARY. 

Using dilatation of the pupil in animals anesthetized with chloralose 
as an index of afferent nerve activity we have obtained evidence of the 
existence of afferent fibres in the abdominal vagus nerves of the cat. 

Two groups of visceral afferent fibres have been identified in the 
abdominal vagus nerves. Fibres of the first group pass from the ventral 


and from the dorsal vagus trunk directly to the medulla by both cervical 


vagus nerves. Fibres of the second group leave the thoracic vagal trunks, 
accompany the intercostal arteries from the aorta, join the intercostal 
_ nerves close to their exit from the intervertebral foramina, and enter 


the spinal cord by the dorsal roots from the second to the eighth thoracic © 


roots inclusive. 

The medullary fibres have no synapses in the ganglia nodosa, and 
the spinal fibres have no synapses in the dorsal root ganglia, comparable 
to those in the sympathetic ganglia in the efferent sympathetic pathway. 


The impulses which pass to the central nervous system by the 


medullary and by the spinal fibres ascend at least as high as the mid- 
brain. 


The expenses of this investigation have been defrayed in part by a grant from the 
Government Grant Committee of the Royal Society. 
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‘MUSCULAR FORCE AT DIFFERENT SPEEDS 
OF SHORTENING. 


By W. 0. FENN anp B. 8. MARSH. 


(From the Department of Physiology, The University of Rochester 
School of Medicine and Dentistry, Rochester, N.Y.) 


| (Received January 19, 1935.) 


In a study of the mechanics of human muscle Hill [1922] came to the 
conclusion that a muscle could be represented mechanically by a spring 
working in a viscous medium. As the speed of shortening (v) of the 
muscle increased he found that the work done or the tension exerted (W) 
| fell off linearly according to the equation W=W,—kv, Although the 
equation represented the experiments very satisfactorily it should be — 
mentioned that the observations may have been complicated by reflex 
changes in the degree of innervation of the muscles in the supposedly 
maximal voluntary contractions (though Lupton [1922] with a quick- 
release mechanism obtained the same result). Moreover, the experiments 
of Gasser and Hill [1924] on isolated frog muscles showed that this 
simple linear relation did not generally obtain under these conditions, — 
) These experiments were followed by some observations of Levin and 
Wyman [1927] on the relation between the force and the speed of 
shortening or the speed of stretching of muscles of dogfish and other 
animals. The expected linear relation between force and speed was not 
found and the authors concluded that the muscle represented a system 
ie of two components, an undamped elasticity and a damped elasticity, the 
- latter behaving according to the equation suggested by Hill. When the 
muscle was suddenly released the undamped system could shorten in- 
stantaneously and could keep the tension from falling rapidly as it 
otherwise would. This two-component system has been widely used by 
| subsequent workers [Bouckaert, Capellen and de Blende, 1930; 
) Mayer and Bouckaert, 1932; Petit, 1931; Sulzer, 1928}. : 
The work of Bouckaert, Capellen and de Blende [1930] is of 
special interest in this connection. They arranged to measure the rate of 
PH, LXXXV. 18. 
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_ shortening of a muscle when the load was suddenly decreased, the inertia 
of the system being reduced as much as possible by the use of two levers 
in tandem. Their results showed that the muscle shortened a certain 
distance almost instantaneously while the remaining shortening took 
place slowly along a logarithmic curve. The results were apparently 
_ satisfactorily interpreted by means of the same two-component model, 
the instantaneous shortening being due to the undamped elasticity and 
the slow shortening being due to the damped elasticity. It appeared 
possible, however, to test this interpretation by another method. 

Consider a muscle model such as that suggested by Le vin and Wyman 

[1927] consisting of two springs (S and S,) in series, one of them (8) being 
undamped and non-contractile, and the other (S,) being imbedded in a 
viscous medium. Let the model be attached to a weight (W) which is 
supported outside until shortening begins. To represent the contractile 
process let the elasticity of S, be suddenly increased. S will then be 
stretched by S, until its tension equals W. Not until this has occurred 
will the external tension equal W. Hence when the load starts to rise 
the length change of the undamped spring (S) will be complete and it 
cannot participate further in the mechanical events of shortening. There- 
fore, under the conditions of isotonic after-loaded contractions an un- 
damped elastic non-contractile component cannot change in length, 1.. 
if its force is constant its length must be constant. It is therefore possible 
to study the mechanical properties of a muscle deprived of any par- 
ticipation of any possible non-viscous elastic component by the simple 
device of observing the speed of shortening under different isotonic loads 
(after-loaded) varying from zero to the maximum which can be lifted. 
Under these conditions the muscle should follow the equation of Hill. 
The results showed, however, that the relation between speed and force 
is not linear. Hence it must be concluded that the simple two-component 
model does not represent the muscle correctly. 

Two series of experiments were performed, the first series using cat 
muscles (by B.S. M. in 1930-2) and the second series on frog muscles (by 
W. O. F. in 1933 and 1934). For the latter series an optical lever was used 
which much improved the accuracy of the determinations and led to the 


* It might of course be argued that the muscle contains an undamped contractile 
component which could participate in the shortening, but it cannot be assumed that the 
whole contractile mechanism is undamped and such an assumption would not help to 
explain why the contractile mechanism as a whole (S,) when isolated from S does not 
follow Hill's equation. Further, an undamped contractile mechanism is practically in- 
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theoretical interpretation suggested. These results will therefore be 
reported first. The data on cat muscles are adequate, however, to show 
that the same formula applies in this case, - 


EXPERIMENTS ON FROG MUSCLES. 
Method. 


The sartorius muscles of Rana pipiens were used throughout except 
for a few experiments on the gastrocnemius. The muscles were mounted 
on a rigid support in a glass vessel immersed in a thermos bottle for a 
water bath. At the beginning of the experiment this vessel was filled with 
Ringer’s solution which could be withdrawn when desired. The muscles 
could be stimulated either directly or indirectly. In most of the experi- 
ments the former method was used but no differences could be detected 
in the results if nerve stimulation was employed. For stimulation the 
interrupted current from the secondary of a Harvard induction coil was 
used, the duration (usually 0-2 sec.) being controlled by a rotary contact 
breaker, The strength of the current was adjusted to give a maximal 
contraction. 

The effects of inertia were minimized by the use of two isotonic levers — 
in tandem as suggested by Bouckaert. The long arm of the second lever 
is attached close to the axis of the first lever and the actual weight is hung 
close to the axis of the second lever. The first lever magnified 10 times 
_ and the second one 5 times so that the actual velocity of movement of 
the weight itself was reduced 50 times and the weight was 50 times as 
heavy as the tension on the muscle. The muscle was attached 8 cm. from 
the axis of the first lever by means of a fine glass rod. A pulley 8 mm. in 
radius was attached to the axis of the first lever for the thread to which 
the tip of the second lever was attached. A light mirror, attached also to 
this axis, permitted the record of the shortening by optical means with 
a magnification of about 8 times. Time was recorded by a tuning fork 
interrupting the beam of light. The velocity of the surface of the drum was 
usually 90 cm. per sec. 

The records were for the most part smooth without any sign of vibra- 
tion. Slopes could be measured to 1° of arc with an ordinary celluloid 
protractor placed tangent to the curve. With the high speed drum and the 
large magnification, this provided a measurement of speed of consider- 
able precision which was highly satisfactory for the purpose. Velocities 
were always measured near the beginning of the shortening where the 
slope was constant and maximal and there was no acceleration or de- 
celeration. Actually most of the curve corresponds to this requirement 
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for the period of acceleration is scarcely visible in the records and 
shortening takes place at a nearly constant speed for a considerable 
period of time. This also served to eliminate any small effects of inertia 
which persisted in spite of the two levers. For this reason no attempt was 
made to calculate the magnitude of the inertia. Since there is no velocity 
change the tension in the muscle must be equal to the load. 

At the close of the experiment the weight and length of the muscle 
were measured. The force was then calculated per cm.? cross-section and 
the velocity of shortening in cm. per sec. per cm. length of muscle. Since 
measurements were always made at the beginning of contraction, a 
stimulus of 0-2 sec. was ordinarily long enough, although longer stimuli 
up to 2 sec. were sometimes used for the low temperatures. The muscle 
carried an initial load of about 1 g. or less. Greater loads were carried on 
@ supporting screw (after-loaded) until the muscle began to shorten. 
In most experiments the muscle was stimulated ata series of loads 
increasing in steps from the minimum to the maximum and then 
decreasing in the reverse order. | 

We have measured, therefore, the maximum speed of shortening 
under a series of different loads, the measurement being made always at 
the same length within a few millimetres, ¢.e. just after shortening begins 
and at nearly the resting length so that the resting tension can be 
neglected. The theoretical importance of making all the observations at 
a constant length should be stressed because the maximum isometric 
tension which can be exerted varies with the length. 


Results. 


Tracings of a typical set of records obtained with varying loads are 
shown in Fig. 1, all accurately placed with respect to the beginning of 
the tetanic stimulation which lasted about 0-4 sec. In taking the records 
the light was cut off by a signal magnet until the moment when stimula- 


tion began so that the beginning of the record marked the beginning of 


stimulation. The white lines made by the tuning fork crossing the light 


beam 200 times per second were omitted in tracing. The graphs are not — 


S-shaped but start almost straight from the base line and continue 
nearly at the same velocity for a considerable time. Obviously under 
these conditions there is little difficulty in measuring a maximum velocity 
for all the loads at nearly the same length. In these particular tracings 
the larger loads were recorded last and there was some fatigue so that 
the lower velocities are relatively too small. 
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|. With the larger loads shortening begins somewhat later than with the 
light loads: It might be argued that the velocity with the light loads 


1600 


| 0.1 sec. 0.2 0.3 0.4 


Fig. 1. Tracings of typical photographic records of shortening under different loads after 
_ rearranging so that the base lines and the points of beginning of stimulation coincide. 
Sartorius muscle at 0° C. Length 3-2 cm., weight 218 mg. June 14, 1935. Figures on 
the graph show the weight on the lever in grams, this being 50 times the weight on the 
muscle, 


4grams Load 16°C. 
24 0.5 sec. Stimulus 
Release at 0.335 sec. 


Z0grams Load 0°C. 
11sec. Stimulus 
Release at 0.57 sec. 


sec. 


.. Vie. 2. Two tracings made from the photographic records of muscles shortening under the 
3 same loads; solid lines, free shortening; broken lines, delayed shortening. The relative 
horizontal _cavanges of the two curves of each pair are arbitrary. 


wena have been, still larger if the muscle had been prevented from 
shortening until maximum tension had been. developed, and had then 
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been suddenly released. If this were the case any interpretations based 


on the velocities measured in free isotonic contractions would be invali- 


dated. We have accordingly tried some experiments in which the lever 
was released later in the contraction at or near the point of maximal 
isometric tension and have compared the subsequent velocity of short- 
_ ening with the velocity of shortening of the same muscle under the same 


load and the same length when shortening was not interfered with. In. 


many such comparisons we have never observed a greater velocity i in the 
delayed shortenings after the first sudden fling of the lever is over. If 
there has been any consistent difference it is in the other direction, the 


delayed shortenings being less rapid than the free shortenings. Tracings | 
of two comparisons of this sort are shown in Fig. 2. The result is par-. 


ticularly clear in the lower tracing at 0° C. The low temperature reduces 


the sudden fling of the lever and leaves a greater length of shortening for 


comparison. The dotted line represents the delayed contraction.: It has 


_ been arbitrarily placed in such a position that the two records coincide — 


shortly after the oscillations due to the fling of the lever have subsided. 


From the close similarity of the velocities in these curves and many. 
others like them we feel justified in concluding that the velocities which 


we have measured on muscles shortening freely represent correctly the 
maximum velocity of which the muscle is capable at any stage of the 


contraction. This means that the contractile state is fully developed 


as far as ability to shorten is concerned as soon as the tension in the 
muscle is sufficient to balance the load. This may be taken as further 


evidence that the point of maximal isometric tension does not indicate — 


the time when the contractile state is at a maximum, as Gasser and 
Hill [1924] have shown in other ways. The fact that the velocity of 


shortening under the light loads does not tend to increase as shortening 
proceeds (as shown in Fig. 1) is further indication that the contractile 
state is already fully developed when shortening begins. We may suppose 


then that, when shortening begins, the processes associated with shortening 


which tend to dissipate tension become promptly equal to the processes 
which are causing the development of tension so that shortening proceeds © 


in a steady state from the very beginning. _ 

The velocities of shortening measured at different loads in a typical 
experiment at 18-5° C, are shown in Table I and the graphs are plotted 
in Fig. 3. The lower curve shows the force or load plotted as ordinates 
against the velocity of shortening. It is obvious that no portion of this 
curve is linear but it is rather logarithmic in shape. To test this, the 


= of the load are plotted against the velocity in the upper dotted 
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3 | -velodity of shortening aa abscisew plotted against isotonic load. in grams 
. om.* cross-section as ordinates in lower graph. Log of load (W), broken line, and 
(W +1-80), solid line, in upper graphs. Frog sartorius muscle, 114 mg., August 30, 

1984. Temp. 185°C. Data Table I. Decreasing loads indicated by « ; increasing by x. 


W are omitted. 
2000 WwW = 166068". ov 
| 
~ + 
x LoglW + 9V) 
: J 2 
Log 
x 
: igi 4. Same as Fig. 1. Sartorius muscle 118 mg. September 5, 1934. Temp. 0°C, | 
3 Data Table I. 
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Taste I. Original force-velocity data. 


Velocity (V) Velocity (V) 
Force (W) (W) 
g./om.? (a) (6) g./om.? (a) (0) 
. 85 16-45 15-71 38 3-04 2-88 
82 14-25 13-95 - 2-73 2-63 
200 11:57 10-79 218 1-92 168 | 
318 9-82 . 8-05 474 1-23 1-09 
7-93 7-40 0-58 
729 5-62 5-89 1628 0-15 0-15 
1140 3-95 4-07 
1493 204 2-95 
Sartorius at 18-6° C. (Fig. 1) : Sartorius at 0° C, (Fig. 2) 
Velocities unde were observed first, followed The velocity 
measured is the rte of shortening inom 


curve. This curve is straight until it reaches the large velocities where it 
falls off sharply. The same result is seen in another typical —e 
(at 0° C.) in Fig. 4 and Table I. 
_ If the muscle is represerited accurately by a viscous elastic system 
this force-velocity curve should have been linear, the loss of force being 
always proportional to the velocity. The slope of the curve would then 
represent the coefficient of viscosity. Evidently the slope of this curve is 
not constant and it is impossible to say what slope to take for the 
viscosity. The force-velocity curves of Levin'and Wyman have a 
similar shape but they were able to invoke a non-viscous elastic com- 
ponent to explain them. To explain the same shape where the. possibility 
of the participation of such an undamped component is —e 
requires some quite different interpretation. _ 
If W is the tension exerted by the muscle (i.e. the weight) and ko is is 
the force expended against viscosity, then 


W+kv=F, (1) 


where F is the true internal muscle force. In Hill’s formula it was 
assumed that F is independent of the velocity of shortening, but the 
curves of Figs. 3 and 4 suggest that it decreases with increase in velocity 
in such a way that the amount of force lost for a given increase in velocity 
is proportional to the amount of F already present, 


and finally, W = Wye-*” — ky, 
since W =F,.when 
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_. It is impossible at the present time to give a more fundamental 
derivation of this equation in terms of the mechanism involved, but it 
can be shown at least that it empirically expresses the data with a satis- 
factory degree of accuracy. Taking logarithms, 

log (W+kv) =log W,—av log e. 
The solid upper graphs in Figs. 3 and 4 represent values of log (W + ke) 
plotted against v and it is evident that the addition of the term kv with 


an appropriate value for the constant k has turned the non-linear dotted 
line into a very acceptable straight line, the slope of which gives the 


log (W +kV) 
* 


Velicity em, sec. 


different temperatures, showing with what uniformity straight lines are obtained in 
this way. Two sets of points for the same graph represent ascending and descending 
series on the same muscle. In some cases ascending series only are included. To avoid 
confusion the upper of the 0° C. and of the 22° C. eS 


unit respectively. 


value of aloge. This constant bia) may be called for Pree As the 
“coefficient of tension loss”. Since it does not vary in proportion to the 
velocity it cannot be a coefficient of viscosity nor even behave like 
viscosity. The viscous force (kv) is actually an almost negligible item and 
even at the highest velocities with minimum loads is usually less than 
the external force exerted by the muscle. _ 
The equations to the curves for W, plotted against the velocity, are 
_ given in Figs. 3 and 4 with their appropriate constants, and the curves 
. have actually been drawn to comply exactly with these equations. They 
evidently fit the experimental points as well as could be expected. — 
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To show that the experiments of Figs. 3 and 4 are not the only experi- 
ments which fit the equation, nine other experiments have been repre- 
sented in Fig. 5. These have been selected at random, taking care only 
to pick curves which do not overlap in the graph. All of the graphs con- 
form accurately to the straight lines. The much steeper slope at the low 
temperatures is very evident. The low temperatures evidently slow up 
the chemical reactions which are responsible for the production of energy 
for shortening to such an extent that the tension cannot be redeveloped 
so rapidly in relation to its rate of loss with shortening, and a steady state 
is therefore reached at a lower velocity. | 
| A summary of the constants of the equations of all our experiments 
is given in Table II. Most of the values were obtained at 0° C. with a few 
at 22°C. and a few on the gastrocnemius muscle. The values of a, the 


Tasxz II. Summary of coefficients of tension loss (a), of viscosity (k), 


and of isometric tension (W,). 
W, a k ; W, a k 
Sartorius 0° C. Sartorius 22° C. 
2040 0-76 15 2190 0-255 5 
2158 0-72 15 3090 0-331 0 
1515 0-702 26 2400 0-205 0 
1478 0-715 15 
2150 0. 23-1 3630 0-264 1 
2290 0-387 12 2240 0-252 0 
1950 1-26 25 3720 0-270 1 
1995 0-995 17 3090 0-288 2-2 
2750 0-255 4 
1738 1-23 10 — — — 
1515 1-12 4 Av. 2888 0-265 1-6 
794 i 30 10 mius 23° C. 
1380 1-9 0 3160 0-382 4 
2400 1-104 9 2290 0-72 6 
2510 0-705 13 
1122 0-87 25 4900 0-537 30 
1202 0-852 ll 
Av. 1665 1-01 13-2 2630 0-616 1-0 
Qi for sartorius Av. 3160 0-568 9-1 
+1-22 ~ 1-83 — 2-58 : 
Gastrocnemius 12~13° C 
¢ 
for 1950 0-901 26 
F Av. 2152 0-783 37 
Siapinilnes tee W, (g-/cm.*) were obtained by graphical extrapolation. 
between Variaélons are due to 


a and recovery in Ringer. 
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coefficient of tension loss, are fairly uniform from one muscle to another 
for each temperature. The values of k, the coefficient of viscosity, are 
extremely variable. This is due to the fact that k has only a small effect 
on the curve, even at high velocities, and is therefore very difficult to 
measure with precision. Possibly it undergoes real variations corre- 
sponding to changes in the size of pores or the viscosity in different 
muscles. 

The value of k is determined empirically by calculating approximately 
what value would be necessary to make the dotted lines (log W) of 
Figs. 3 and 4 coincide with the straight lines (log (W +kv)). This approxi- 

-mate value of & is then tried and the results (log (W +kv)) are plotted and 
further adjustments in the value of k are made until the best fit is obtained. 
In reality this is merely an empirical process of fitting an equation con- 
taining a suitable number of constants to a curve. The fact remains, 
however, that the experimental results can be fitted by this equation 
and can almost be fitted by a simple exponential equation without the 
_ viscosity term, and furthermore that they cannot be fitted equally well 

' by any equation which has hitherto been suggested in explanation of the 
force-speed relation. 

‘Three additional experiments were performed in which the force- 
speed relation was measured by this method at two different temperatures 
on the same muscle; first at 0° C., then at room temperature, and then 
again at 0° C. with periods of rest in Ringer’s solution in between. The 
results are shown in Table III. If the two values for 0°C. for each 


TasxE III. The effect of temperature in three sartorius muscles. 


Temp. 
We a k 
0. 1071 0- 15-7 
22 2690 0-189 2-5 
Oi: 1412 1-02 14-0 
0 1860 1-15 9-0 
21-5 4260 0-237 3-8 
0 1950 13 9-0 
0 1820 1-0 5-0 
18-5 2950 0-236 1-8 
aa 1413 1-08 10-0 
pee 0 1588 1-042 10-4 
20-7 3300 0-221 2:1 
Qr -211 217 


experiment are compared, the general reproducibility of the results: can 
be judged. Averaging all the results and the temperatures together the 
corresponding values of Q,» given in the last line may be calculated. The 
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values of the coefficient of tension loss are the most accurate and give a 
Qio of —2-1. The averages of all the other values for these two tem- 
peratures from Table II give a Q,) of 1-83 for the sartorius and a less 
accurate figure of —1-38 for the gastrocnemius. The coefficient of vis- 
cosity has also a negative temperature coefficient of —2-17 in Table ITI 
and —2-58 and —4-06 for the sartorius and gastrocnemius respectively 
in Table II. The isometric tension is always greater at the higher tem- 
perature, Q,, being 1-43 (Table ITI), 1-22 and 1-47 (Table I1). 

It was shown by Fenn [1924] in Hil]’s laboratory that in order to 
shorten and do work a muscle must liberate an extra amount of energy 
more or less in proportion to the work done in shortening. This fact was 
held to cast doubt upon the theory that a muscle is simply an elastic 
body. In spite of this objection subsequent authors have continued to 
explain phenomena observed in shortening muscles on the basis of 
simple mechanical models. The present experiments show again that 
these simple models are inadequate for the purpose, and it seems most 
likely that they are inadequate for the same reason that muscle is not an 
elastic body. A stimulated muscle shortens pari passu with the develop- 
ment of “shortening energy”, and the rate of development of this energy 
from chemical potential energy must be of paramount importance in 
determining how fast it can shorten under a given load or how much 
tension it can exert for a given speed of shortening. The temperature 
coefficient, of —2-1 which was found for the coefficient of tension loss (a) 
may be taken to indicate that some chemical reaction is involved in 
determining the diminution of tension with increase in speed, and this 
tends to confirm the interpretation which has been suggested above. The 
main problem still remains unsolved, however, until an explanation is 
offered for the exponential decrease of F with increase of velocity. One 
method of attack upon this problem may now be suggested. 


The theory of constant power output in shortening. 


One of the suggestions which has been offered in explanation of the 
decrease of force with increase of speed is that of Stevens and Metcalf 
[1934] who showed that in a muscle shortening against an inertia device 
the ‘power output (Wv) was approximately constant for a considerable — 
part of the contraction. If Wo is constant then W must decrease in 
proportion as v increases. In explanation of this constancy of Wy, it 
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seems possible that there may be a limiting value to the rate of develop- 
ment of excess heat for shortening which would be proportional roughly 
to the rate of work or to Wv. This is not, however, an adequate explana- 
tion for our curves, for if the power output (Wv) js calculated for each of 
the points in Figs. 3 and 4, the results are not constant but pass through 
a maximum at intermediate velocities. The force-velocity curve in other 
words is not a rectangular hyperbola. A better case can be made out for 
the theory that the total power output. (internal plus external) is con- 
stant. The total power is given by the expression (W +k’v)v or Wu +k'v?. 


2 4 5 6 7 9 
x T aye T T T 
WV WV 
500- 

2 

(from fig. 1) 
[eye 2OC 00 


Fig. 6. Tests of the constant-power theory according to which Wv plotted against v* should 
give a straight line. Broken lines represent the best straight lines that can be drawn 
through the points. The equations for these straight lines are given. The continuous 
lines follow the experimental points and must start at the origin. 


If this value is constant then Wv plotted against v* should give a straight — 
line, k’v® being the power which is wasted internally in overcoming 
viscous resistance during shortening. The graph of Fig. 6 shows that this 
does actually give nearly a straight line of slope equal to k’ for all the 
higher velocities, but as the velocities approach zero the power must also 
approach zero so that some other factor must be invoked to explain this 
part of the curve. Since this constant-total-power theory applies only 
to about half the curve without supplementary hypotheses we have 
abandoned it. It may be worth mentioning further that the value of X’, 
the coefficient of viscosity, as deduced from the constant-power theory 
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is considerably greater than the value of k as calculated from the 
exponential relation. Thus in Fig. 6 the values of k’ found are 63 as com- 
pared to k=9 in Fig. 3 for the same data and k’ = 17-5 in Fig. 6 as com- 
pared to k= 1-8 in Fig. 4. On either basis the & is almost negligibly small 
in comparison with the initial slope of the force-velocity curve. © 


EXPERIMENTS ON CATS. 
Method. 


The animals were anesthetized with 0-5-0-6 c.c. dial per kg. body 
weight injected intraperitoneally, and were not allowed to recover. 
Most of these experiments were performed on the gastrocnemius muscle. 
The calcaneus bone was bisected, freed from all attachments with the 
exception of the Achilles tendon, and was fastened rigidly to the lever. 
The animal lay on its back and the muscle pulled directly downwards 
when it contracted. The femur was fixed firmly to a rigid upright by 
means of a small clamp screwed directly on to the bone. The clamp was — 
introduced through a small slit in the skin on either side of the leg and 
lay between the adductor femoris and the semimembranosus on the 
medial side and between the semitendinosus and the vastus lateralis on 
the lateral side. The sciatic nerve was cut near the sciatic notch and was | 
stimulated peripherally by shielded electrodes. For a few experiments on 
the sartorius and quadriceps muscles a somewhat similar preparation was 
used except that the pelvic girdle was fixed rather than the femur. 

The levers were substantially built in order to carry the heavy loads 
which were necessary. The first lever recorded directly on a revolving 
drum with smoked paper and magnified the movement of the muscle 1-9 
times, the muscle being attached 15 cm. from the axis. The linear speed 
of the surface was 50 cm. per sec. Time was recorded for each contraction 
by a 60 cycles per sec. tuning fork turned on simultaneously with the 
stimulating current, Stimulation was caused by the secondary of an 
inductorium operated by hand and was continued until shortening was 
complete. 

The end of the second lever (27 cm. long) was attached by a strong 
flexible braided wire 1-5 cm. from the axis of the first lever and the weight 
was hung from a pulley of 4-5 cm. radius on the axis of the second lever. 
In this way the tension on the muscle was one-sixtieth of the weight. 
Since the isometric tension in a cat’s gastrocnemius muscle may be 
greater than 10 kg. it was difficult to obtain weights large enough. In 
some experiments the second lever was dispensed with and the weights 
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were hung directly on the first lever. The period of acceleration on the _ 
records seemed scarcely any longer under these conditions. With both 
levers in use weights greater than 300 kg. were used. For this purpose a 
strong scale pan was hung by a stout wire cable from the lever and one — 
end of a 12-ft. beam was placed on the scale pan, the other end resting on 
a stool. On this beam could be placed various large weights including at 
times as many as three persons standing close to the scale pan. With the 
levers provided all this was readily lifted by most cats. 

These preparations, having their normal blood supply, kept very well 
for several hours without sign of fatigue and many records were obtained 
with each load. The loads were usually progressively increased and then 
decreased as in the frog experiments. The maximal slopes of the graphs 
were measured and the values averaged together for each load. Each 
point plotted in the graphs represents the average of four to ten individual 
measurements. On account of the small magnification and some trouble- 
some vibrations in the records the results were not so accurate as in the 
frog experiments. At the end of the experiment the length, maximum 
diameter, maximum circumference and weight of the muscle were 
measured, The maximal cross-section area as calculated from the cir- 
cumference and diameter was used in calculating the force per cm.” 
without regard to the physiological cross-section. 


Results. 


Since the figures obtained are not so precise as in the frog experiments 
it will suffice to present the results entirely in the form of graphs. Fig. 7 
illustrates: in detail one experiment on the quadriceps muscle and corre- 
sponds to Figs. 3 and 4 for frog muscles. This experiment was especially 
suitable for publication because the range of weights used was wide 
enough to show both ends of the curve fairly well. Determination of all 
the constants was rendered impossible in about half the experiments 
because only a small portion of the curve was represented in the data. 
In such cases the value of a, the coefficient of tension loss, was the only 
one which could be determined. 

Graphs of log (W +kv) for four other experiments are shown in Fig. 8 
and the lines are evidently quite straight. Constants for all the other 
experiments which were complete enough for the purpose are included in 
Table IV together with data concerning the dimensions of the muscles 
used. The first four experiments of Table IV are those plotted in 


Fig. 8. 
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The constants for the gastrocnemius are the most reliable, especially 
the value of 1-42 for a. In addition to the figures listed in Table IV we 
have six other experiments which do not cover a sufficient range of loads 
to permit of a determination of k but which give a fair value for a, the 
results being 1-79, 1-89, 1-17, 1-73, 1-23 and 1-34 with an average of 1-52, 


| 
956 €°'9*-15V 
1000; 28 
° 
2.6 
600 24 
400+ 42.2 
200+ 2.0 
{ 
0 


Velocity cm./l sec. 


Fig. 7. Force-velocity relations in cat quadriceps muscle, See No. 7a, Table IV. Experi- 
mental points for log W are omitted. The lower graph is drawn to fit the equation 
derived from the straight line in the upper graph. Two ascending and two descending ~ 
series are indicated by « and x respectively. | 


in good agreement with the value of 1-42 from the seven other deter- 
minations. Two experiments on the cat’s sartorius muscle gave values of 
1-06 and 0:38 for a, the force-velocity curves being definitely logarithmic 
rather than linear, although the data were not good enough for a more 
complete analysis. 

The constants for the quadriceps muscle are all smaller than those for 
the gastrocnemius but the experiments are hardly numerous enough to 
make the comparison reliable. Differences in the structure of the muscle 
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2 
x 
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Velocity cm./l sec. 


Fig. 8. Graphs of log (W + kv) against velocity for four cat gastrocnemius muscles to show 
the straight lines so obtained. Numbers on graphs correspond to numbers in Table IV 
where the constants are given. To avoid confusion the upper curve has been raised 
and the lower curve lowered 0-2 unit. 


TasLe IV. Force-velocity constants in cat muscles. 


Muscle dimensions 
Length Weight 
No. cm, g./om.? a k 
Gastrocnemius 
l 6-3 2-23 8-35 3800 1-42 110 
2 9-0 3-26 18-50 3890 1-28 55 
3 9-2 7:18 23-0 2820 1-61 40 
4a 8-5 1-61 56 2240 1-32 220 . 
4b 1740 1-23 250 
5 10-0 4:84 1096 1-22 100 
6 9-3 3-36 19-0 2510 1-85 100 
Av. 2585 1-42 
Quadriceps 

7a. 12-0 4-84 54:3 956 0-841 
7b 1122 0-856 
8 9-4 4-84 26-9 776 0-70 

Av. 952 0-799 
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might explain the low values in the quadriceps since both a and k are 
dependent upon the values of v which are calculated per cm. length of 
the muscle. A more parallel-fibred muscle would therefore give higher 
velocities for the same total length and hence smaller values of both a 
and k. Comparison of the velocities in Figs. 7 and 8 shows that the 
quadriceps did attain higher velocities than the gastrocnemius. The 
value of k is also dependent upon the values of W which in turn depends 
upon the cross-sectional area of the muscle, but a is independent of the 
absolute values of W and depends only upon the percentage change in W. 

The figures for the gastrocnemius of the cat at body temperature may 
also be compared with those for the gastrocnemius of the frog at 23° C. 
from Table II. The isometric tension is not very different in the two cases, 
but both a and & are higher in the cat muscles in spite of the higher tem- 
perature. This would indicate that the frog muscle is fundamentally a 
“faster” muscle either for mechanical and structural reasons, which 
would explain the lower & values, or for chemical and energy reasons, 
which would explain the lower values of a. From Fig. 3 it may be seen 
that a frog sartorius muscle at 18-5° C. can shorten with a velocity of 
- 16 cm. per sec. per cm. muscle length while the cat’s quadriceps reaches 
only a velocity of 3 in similar units. 


Comparison with previous experiments. 
Some comparison of these constants with other values from previous 
work may also be made. Fenn and Garvey [1934] determined a co- 
efficient of viscosity for passive movements of the “‘resting” human leg. 
The resistance to movement to-and-fro at the knee was calculated as if it 
were all due to the muscles involved in this movement. In this case, the 
force increased more or less linearly with increase in speed, a relation 
which might be expected in a resting muscle where energy requirements 
for shortening do not enter in. The slope of this force-velocity curve 
represents then a coefficient of viscosity and had a value of 28 g. per cm.? 
for an increase of velocity of 1 cm. per sec. per cm. length of muscle. 
The units are therefore identical with those of k in Table IV where values 
of 128 and 10 for the gastrocnemius and the quadriceps muscles were 
found. It may be concluded that all these values are of approximately 
equal order of magnitude, the differences being referable to structural 
differences. 

Fenn, Brody and Petrilli [1931] in studies on the movement of 
the human leg after quick releases found that after the release the 
decrease of tension amounted to 31 p.c. for an increase in the speed of 
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shortening of 100 p.c. of the length of the muscle per second, or 1 cm. per 
sec. per cm. of muscle length. The fact that the result was expressed as a 
percentage loss of tension for unit increase of velocity indicates that these 
authors anticipated the results of this paper, 7.e. that the loss of tension 
with increasing speed is logarithmic rather than linear. Since this experi- 
ment involved a contractmg muscle the loss of tension with speed is 
chiefly referable to the value of a. Neglecting any part which k may have 
had it is possible to calculate the corresponding value of a from equation 


log W,—log W,=log 100—log (100-31)= 


2— 1-839 = 0-161, 
0-161=avloge and a=0-371, since v=1. 


This figure is somewhat smaller but of the same general order of magni- 
tude as the figure 1-42 for the gastrocnemius and 0-799 for the quadriceps 
of the cat (Table IV). 3 

Hill’s experiments with human arm muscles were recalculated by 
Fenn, Brody and Petrilli in terms of the probable dimensions of the 
muscles involved, and the conclusion was reached that in the flexion of 
the arm at different speeds the decrease in tension with unit increase in 
speed amounted to 73 p.c. The corresponding value of the coefficient of 
_ tension loss (a) is 1-31 which checks very well with the average value of 
1-42 found for the cat’s gastrocnemius. It should be pointed out, how- 
ever, that Hill’s data showed actually a linear relation between speed 
and force so that the percentage loss of tension would depend entirely 
upon the starting poimt chosen. The above figure represents the per- 
centage decrease in W,. From the value obtained it may be argued that 
nervous relaxation did not play a large role in Hill’s experiments since 
equally large values were obtained in the denervated cat muscles. Such 
nervous effects may nevertheless have helped to produce a linear force- 
velocity relation by decreasing the tensions exerted at high speeds. | 

In the paper of Gasser and Hill [1924] it was possible to estimate 
values of force and velocity from their Fig. 2, curve II. With these data 
it is found that log F against velocity gives a fair straight line from which 
a coefficient of tension loss of a=0-473 was calculated (for room tem- 
perature?) which is intermediate between our values for 0 and 22° C. for 
the sartorius muscle. 

The average value for the coefficient of viscosity for the frog sartorius 
at 0° C. found by Bouckaert, Capellen and de Blende on the basis of 
their analysis of their quick releases was 1120 at 0° C. which is nearly 100 
times as large as the average value of 13-2 found in Table III. This high 
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value, however, is of about the same order of magnitude as the initial 
slopes of the force-velocity curve of Fig. 4 which gives a value of 1690 
for 0° C., ¢.e. 1690 g. per om.? loss of tension for unit increase of velocity. 
This agreement is perhaps to be expected, since Bouckaert, Capellen 
and de Blende derived their constant from the secondary shortening of 
the muscle where the velocities were relatively low. : 

It would appear from this that they were not actually dealing with 
a constant coefficient of viscosity but rather with the coefficient of 


tension loss (a). 


It cannot be said from these results that it is necessary to abandon 
altogether the theory that a muscle contains a component of relatively 
- undamped elasticity. The necessity for such an assumption is, however, 
rendered doubtful and the conception of a two-component system as 
originally described has to be abandoned since the damped component, 
when isolated and studied by itself, does not have the properties origin- 
ally ascribed to it. It is now necessary to enquire whether the new pro- 
perties of the muscle as described in this paper can account for the 
phenomena observed in the quick release experiments. This probably 
means that it is necessary to take more seriously into account the energy 
requirements of a shortening muscle. The loss of tension on increasing 
the speed of shortening is due chiefly to a chemical rather than to a 
mechanical delay (friction). | 

SUMMARY. 

1. The force exerted by muscles at increasing velocities of shortening 
was investigated by measuring the rate of shortening of muscles of cats 
and frogs in isotonic contractions under different loads. - 

2. In a freely shortening muscle the speed of shortening is shown to 
be the same as in a muscle released after tension is fully developed. 

3. As the speed of shortening increases, the force decreases, not in a 
linear fashion as would be the case if viscosity alone were concerned, but 
rather in an exponential fashion, a small hypothetical correction being 
made for a true viscosity effect. 

4. The relation between force (W) and velocity (v) can be expressed 
by the formula W = W,e-**—kv; where a is the “coefficient of tension 
loss” and k is the coefficient of viscosity. 

5. It is concluded that this exponential relation is concerned in some 
way with the processes of developing extra energy for the work of 
shortening and that a muscle cannot properly be treated as a simple 
mechanical system. 
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THE CHEMICAL TRANSMITTER OF THE 
SYMPATHETIC NERVE TO THE UTERUS. 


/ By M. A. F. SHERIF. 
(From the Pharmacological Department, the Egyptian University, Cairo.) 
ue (Received June 26, 1935.) 


Recent work has added many nerves to the list of those which may be 
classed as cholinergic, because they produce their action by liberating a 
substance resembling acetylcholine. It seems probable that all efferent 
parasympathetic nerves, and the preganglionic fibres of the sympathetic 
nerves are cholinergic [Dale, 1934]. Sympathetic postganglionic nerves 
have been shown to supply cholinergic vaso-dilator and pseudo-motor 
fibres to voluntary muscle [Euler and Gaddum, 1931; Hinsey and 
Cutting, 1933; Biilbring and Burn, 1934], and cholinergic fibres to 
sweat glands [Dale and Feldberg, 1934a]. The motor nerves to volun- 
tary muscle are probably also cholinergic [Dale and Feldberg, 19346]. 

The nerve supply to the uterus is derived from the sympathetic 
system through the hypogastric nerves, but the uterus is sensitive not 
only to adrenaline, but also to muscarine, pilocarpine and acetylcholine. 
These drugs cause a contraction or increased activity and the effect is 
antagonized by atropine. These facts suggested that the hypogastric 
nerves might possibly contain, not only adrenergic, but also cholinergic 
fibres, The experiments recorded below show that the hypogastric nerves 
in bitches do contain cholinergic fibres running to the uterus, and thus 
provide a third example of the presence of cholinergic fibres in a sym- 
pathetic postganglionic nerve. 

METHODS. 


Bitches were used in all the experiments on the uterus. The hypo- 
gastric nerves were stimulated through platinum electrodes with a — 
tetanizing current from an induction coil, Fluids were tested for acetyl- 
choline on the muscles of leeches suspended in Locke’s solution con- 
taining eserine (3-5 mg. per litre), and diluted in the ratio 1:1-4 with 
water. The fluids obtained in the —— on the uterus were diluted 
in the same ratio with water. 
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(1) Circulation intact. 

After preliminary anesthesia with ether, medinal (sodium diethyl 
barbiturate) in Ringer’s solution was given intravenously (0-22 g.. per 
kg. body weight). This dose kept the animal under deep anwsthesia for 
about 8 hours or more. The abdominal cavity was opened by a median 
incision. The pelvic colon was tied at two points and cut between, in 
order to give room for deep dissection. All other tributaries of the iliac 
vein, even the minute branches, were ligatured so that only the blood 
from the uterus could pour into the iliac vein. A venous cannula was 
inserted into the distal part of the iliac vein pointing proximally, so that 
when the proximal end of this vein was closed with a clip the blood 
collected from the cannula would only be coming from the uterus. When 
the clip was released the blood from the uterus passed to the normal 
circulation. The ovaries were tied off from the uterus so as to avoid any 
mixing of the blood from the two organs. The hypogastric nerves of both 
sides were dissected and ligatured at their junction with the inferior 
mesenteric ganglion, then they were cut and the distal ends secured for 
stimulation. The blood of the animal was then rendered incoagulable by 
an intravenous injection of the dye “chlorazol fast pink” (8 p.c. solution 
in water, 0-5-1 c.c. per kg. body weight) [Huggett and Rowe, 1933]. 
Blood was collected in eserinized Locke’s solution and was — diluted 
with water and tested on the leech. 

B. Movements of the uterus. 

The same procedure was carried out as under A, but the uterus was 
ligatured and cut at its ovarian ends. Bands of the broad ligament were 
cut across to leave the uterus free to move, but the blood supply and the 
nerves were left intact. The uterus was bathed in warm Locke’s solution. 
Part of one horn was suspended in a Cushny’s myograph, and the move- 
ments of the longitudinal muscle were thus recorded by an isotonic lever. 
The main difficulty in these experiments lay in the fact that the effects 
of nervous stimulation were obscured by the spontaneous contractions 
of the uterus. Various methods of overcoming this difficulty were tried. 
The most satisfactory was the subcutaneous injection of cestriol in the 
form of theelol (Parke-Davis: 50 rat units for a dog weighing 8 kg.). The 
injection was made the day before the experiment. This was found to 
reduce the spontaneous movements without making the uterus insensi- 
tive to nervous stimulation. This injection was made in most of the 
successful experiments on uterine movements, but not in the experiment 
shown in Fig. 5. 


3 
ay 
f 
iy 
f 
+ 
om 


300 M. A. F. SHERIF, ~ 


(2) Artificial perfusion. | 
As in experiments with natural circulation the dog was anesthe 


tized with ether followed by medinal. The two horns of the uterus were 


dissected out and all the vessels leading from or to the uterine veins or 
arteries were divided between ligatures. Great care was taken to tie 
even the smallest vessels and not to injure the main artery or vein. 
A cannula was inserted into the uterine vein on either side. An arterial 
cannula was put into one of the iliac arteries just below its origin from 
the aorta, and pointing proximally. All the branches of the hypogastric 
arteries to different parts in the pelvis were tied except the main one to 
each horn of the uferus. The other iliac artery was ligatured. The branches 
from the lower of the aorta were also ligatured, so that when the 
aorta was clamped and artificial circulation was carried out the fluid 
would pass only to the uterus. , 

The uterus was perfused with Locke’s solution by means of a Dale- 
Schuster pump. This artificial circulation was started while the natural 
circulation was intact. The aorta was then clamped and the uterus with 
its vessels and nerves removed after ligaturing and severing all its con- 
nections to the pelvis. It was placed in a hot-water funnel, surrounded 
by cotton wool soaked in warm Locke’s solution and kept warm. The 
venous cannule were used to drain the outflow of the liquid, and for collec- 
tion of samples of the liquid after circulating in the uterus. The circulation 
was first made with pure Locke’s solution then with Locke’s solution 
containing 3-5 mg. eserine per litre, Samples of venous flow were taken 
before and during stimulation of the hypogastric nerves. The stimulation 
was done as before by induction shocks through platinum electrodes. 


RESULTS: 
The release of an active substance. 
(1) Natural circulation. 


In this set of experiments, blood samples were collected in Locke’s 
solution containing eserine. These samples were tested immediately on 
leech muscle after proper dilution and the effect was compared with that 
of acetylcholine. Samples were collected during stimulation, before and 
after eserine had been injected intravenously in a dose of 0-5~1 mg. per 
kg. body weight combined with 0-5-1 mg. atropine per dog. 

The result of one experiment is shown in Fig. 1. In this figure A 
shows the effect of a control sample of blood tested on the leech muscle; 
B shows the effect of a sample collected during stimulation before 
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eserine; C is the effect of a sample collected during rest after a dose of 
8 mg. eserine and 0-75 mg. atropine; D shows the effect of blood collected 
during 3 min. stimulation. In this particular experiment each c.c. of 
blood was diluted to 10 c.c. When the effect of these samples was com- 
pared with the effect of acetylcholine solutions on the same leech, it was 
found that the blood collected during stimulation after eserine (D in 
Fig. 1) produced, after dilution, an effect greater than that produced by 


Fig. 1. Fig. 2. 


Fig. 1. Leech muscle. Blood from uterus diluted 1:10. To show that acetylcholine is 
released, A, control sample. B, collected during stimulation for 3 min., before eserine. 
C, collected after injection of 8 mg. eserine and 0-75 mg. atropine. No stimulation 
D, collected during 3 min. stimulation. Weight of dog 10-5 kg. 

Fig. 2. Blood from uterus, diluted 1:10, tested on eserinized leech muscle. A, effect of 

control sample before eserine. B, effect of resting sample, after intraveneous injection 

of 8-5 mg. eserine and 1 mg. atropine. Weight of dog 10-5 kg. 


10y of acetylcholine per litre, and blood collected during rest after 
eserine gave a slight contraction which was less than that given by 2-5, 
of acetylcholine per litre. In various experiments it was clear that the 
injection of eserine caused a rise in the acetylcholine-equivalent of the 
blood even when the nerve was not stimulated. This effect is suggested 
by the results in Fig. 1, but is much more clearly seen in Fig. 2, where 
A and B show the effects of the blood collected before and after eserine 
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respectively. The doses in this case were 8-5 mg. of eserine and 1 mg. of 
_ atropine. The blood in this case was diluted 10 times. The contraction 
of the leech muscle produced by the diluted blood collected after eserine 
was comparable with that produced by 5y of acetylcholine per litre. 


(2) Artificial perfusion. 

These results have been confirmed in the perfusion experiments. 
When the outflowing fluid from the uterus without eserine was tested 
directly on the eserinized leech, it produced a slight contraction. Addition 


~ 


Fig. 3. Perfused fluid tested on leech muscle. A, A, non-eserinized fluid. B, eserinized 
fluid. No stimulation. ©, eserinized fluid during stimulation. D, eserinized fluid, 
25 min. after stimulation. 


of eserine to the perfusion fluid (4-5 mg. per litre) made the fluid after 
circulating through the uterus produce a bigger contraction of the leech 
muscle. However, this eserinized fluid produced a much bigger contrac- 
tion when collected during stimulation of the hypogastric nerves. When 
compared with the effect of acetylcholine, it was found to correspond 
usually to about 3-4 times the concentration which was equivalent to 
the fluid before stimulation. | 

The results of one experiment are shown in Fig. 3. In this figure the 
result of testing the fluids on the leech muscle is shown. A shows the test: 
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for non-eserinized perfused fluid; B shows the action of the eserinized 
fluid without stimulation, and C that of the fluid collected during stimu- 
lation for 4 min.; D shows the effect of fluid collected 25 min. after 
stimulation. The contraction of the leech muscle at B was slightly less 
than that produced by 5y of acetylcholine per litre, and that at C was 
greater than that produced by 10y 
of acetylcholine per litre. 

It was noticed during these 
experiments that in some cases 
stimulation of the hypogastric 
nerves was accompanied by a rise 
in the perfusion pressure and a 
diminution in the flow, but in 
other cases there was no change. 

In one experiment the eserin- 
ized perfusion fluid was collected — 
and concentrated as in the ex- 
periments of Dale and Feldberg 
[1934c]. Similar volumes of fluid 
were taken before and after stimu- 
lation. The rate of flow was made 
as far as possible the same in both 
cases. These fluids were tested 
on non-eserinized and eserinized 
leeches and on the cat’s blood- 
pressure. Neither fluid had any 


. 4. Tests of perfused fluid concentrated 


action on leech muscle which had 
not previously been soaked in 


times. (a) cat's blood-pressure: A, 0-025y 
A.c.; B,1¢.c. fluid; C, 0-05y a.c. (b) eserin- 
ized leech muscle: A, 4.0 B, Said 


eserine solution, but after eserine diluted 20 times; C, 5y a.c./litre. (c) 
had been added to the bath the 
same leech gave a small response 

in the case of the control fluid and a larger contraction in the case of the 
stimulation fluid (compare Fig. 4c). The stimulation fluid produced a 
fall of the cat’s blood-pressure. In all these tests the effects were com- 
pared with those of acetylcholine. Tests for the fluid collected during 
stimulation are shown in Fig. 4. In this case the fluid was concentrated 
20 times. In (a) 1 c.c. of the concentrated solution produced a fall of the 
blood-pressure of a cat, which had 0-5 mg. of eserine, similar to that 
produced by 0-025y and definitely less than that produced by 0-05y of 
acetylcholine. In (b) the fluid was diluted 20 times so as to be equivalent 
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to its original concentration and tested on eserinized leech muscle. The 
effect of this fluid was about the same as that of a solution of 0-0025y of 
acetylcholine per c.c, and definitely less than that of double this con- 
centration. According to this test 1 c.c. of the concentrated solution 
should be equivalent to 0-05y of acetylcholine. According to the test on 
the blood-pressure it is equivalent to about half this amount. The dis- 
crepancy is a small one and is possibly due to the presence in the solutions 
of other pharmacologically active substances besides acetylcholine. When 
atropine (0-5 mg.) was injected into the cat used in these experiments 
the depressor action of the perfused fluids was abolished. These fluids 
now caused a small rise of blood-pressure, but this effect was not large 
enough to be distinguishable from the pressor effect due to the injection 
of a small volume of saline. However, the presence in these fluids of 
some pharmacologically active substance other than acetylcholine was 
clearly shown by the fact that the fluids had two actions similar to those 
of adrenaline, In the presence of atropine they caused inhibition of the 
guinea-pig’s uterus and stimulation of the toad’s heart. The nature of 
the substance which caused these effects, and the factors influencing its 
concentration in the fluids have not yet been determined. 


The function of the active substance. 


The experiments described above show that stimulation of the hypo- 
gastric nerve caused the release of an active substance allied to, if not 
identical with, acetyleholine. 

In order to discover whether the release of this active substance 
played a part in controlling the movements of the uterus, the effect of 
stimulation of the hypogastric nerves on these movements was studied 
before and after the injection of eserine. In most bitches stimulation of 
the hypogastric nerves produced contraction of the uterus, and if the 
stimulus was prolonged this contraction was often followed by relaxation. 
The injection of eserine (0-1 mg. per kg.) caused an increase in the size 
of the contraction in every experiment in which the result was not spoiled 
by the spontaneous movements of the uterus. One such result is shown 
_ in Fig. 5. In this particular experiment no theelol was given to the dog. 
The hypogastric nerves were stimulated for 45 sec. with a coil-distance 
of 6 cm. After three stimulations (444) had been applied at regular 
intervals, eserine (1 mg.) was injected intravenously. The next stimulus, 
applied 8 min. after the injection (B), caused a greatly increased response. 

The fact that the action of the nerve on the muscle is increased by 
eserine is by itself sufficient to suggest that the action of the nerve on 
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the muscle is cholinergic. When this fact is taken in conjunction with the 
direct observation that a substance resembling acetylcholine is liberated 
when the nerve is stimulated there can be little doubt that the 
hypogastric nerve contains cholinergic fibres running to the uterine 
muscle, 

It is, however, necessary to consider one other question concerning 
these cholinergic nerve fibres. They might be postganglionic fibres arising 
from cells in the inferior mesenteric ganglion or the lateral sympathetic 
chain, but they might also be preganglionic fibres running to small 


Fig. 5. Effect of esérine on contraction of uterus produced by stimulation of hypogastric 
nerves, A, A, A, three control stimulations each for 45 sec.; B, stimulation 8 min. 
after injection of 1 mg. eserine. 


nervous ganglia in the neighbourhood of the uterus itself. If they are 
preganglionic fibres it should be possible to abolish the effect of stimula- 
tion by means of nicotine. If they are postganglionic, nicotine should 
have no effect on their action. The following experiments were under- 
taken to test this point. 

Dogs were prepared for recording the uterine movements as described 
above, and nicotine tartrate solution was injected intravenously in 
successive doses until no significant rise of blood-pressure was produced 
by the injection. It took about 50-80 mg. of nicotine to produce this 
effect. The contractions of the uterus produced by stimulation of the 
hypogastric nerves before and after eserine injection were recorded as 
above. | 
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The action of the nerve on the muscle was not abolished by the 
nicotine. In the experiment shown in Fig. 6 a total of 62 mg. of nicotine 
tartrate had been injected intravenously in a series of small doses. The 
last dose of 10 mg. had practically no effect on the blood-pressure. 
Nevertheless, stimulation of the hypogast:': nerve still caused a con- 
traction of the uterus. After two contractions (A, A) had been recorded 
1 mg. of eserine was injected intravenously. This caused an increase in 
the magnitude of the response when further stimuli were applied 4 and 


Fig. 6. The effect of eserine on contractions of the uterus produced by stimulation of 
hypogastric nerve is not changed after nicotine. A, A, two control stimulations after 
injection of 62 mg. nicotine tartrate intravenously. B, B, two stimulations 4 and 12 
min. after injection of 1 mg. eserine. Weight of dog 8-5 kg. 


12 min. (B, B) after the injection of the eserine. This figure shows that 
a cholinergic mechanism was still acting on the uterus even after the 
injection of large doses of nicotine. 

These experiments show that the hypogastric nerve contains cholin- 
ergic sympathetic postganglionic fibres running to the uterus. 


DISCUSSION. 


The action of the hypogastric nerve on the bitch’s uterus is similar 
in many ways to the action of the autonomic nerves on the stomach. In 
both cases the effect may be either contractor or inhibitor. In both cases 
the contractor effect appears to be due to a cholinergic mechanism. No 
detailed study has been made, in the present investigation, of the exact 
relation between the response of the muscle and the strength, rate and 
total number of electric impulses applied to the nerves. However, it 
seemed likely, from certain experiments, that such a study would reveal 
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relationships similar to those described by McSwiney and Robson 
[1931] m their studies of the action of the autonomic nerves on the 
stomach. 

The evidence given above for the release, in the uterus, of a substance 
resembling acetylcholine may be compared with the evidence of Dale 
and Feldberg [1934c] that stimulation of the vagus causes the release 
of acetylcholine in the stomach. In both cases the injection of eserine 
was itself sufficient to cause an increase in the acetylcholine-equivalent of 
the blood coming from the organ, and in both cases stimulation of the 


“nerve after eserine produced a second and larger increase in the acetyl- 


choline-equivalent. 

The evidence that the motor effect of stimulation is increased by 
eserine may be compared with McSwiney’s observation [1933] that the 
contractor action of the vagus on the stomach is also increased by 
eserine. 

The main difference between the two types of experiment lies in the 
fact that the evidence regarding the effect of the vagus on the stomach 
was obtained by stimulating preganglionic parasympathetic nerves, so 
that the acetylcholine liberated might conceivably have come either 
from the preganglionic, or from the postganglionic nerves. The evidence 
shows that only postganglionic sympathetic nerves are involved in the 
experiments with the uterus. 

The evidence for a cholinergic mechanism in the uterus is of particular 
interest because of the effects of atropine. The injection of atropine 
(0-5 mg.) completely abolishes the effect on the uterine movements of 
pilocarpine, acetylcholine and allied drugs when these are injected into 
the general circulation. On the other hand, the contracting effect of 
nervous stimulation is unaffected by atropine. These facts, which were 
discovered by Cushny [1906] and have been repeatedly confirmed in 
the present investigation, constitute a difficulty in the theory that the 
nerve acts on the muscle by liberating acetylcholine. It might be sug- 
gested that the substance liberated by the nerve was not acetylcholine 
itself, but some hypothetical allied substance which differed from 
acetylcholine itself in the fact that its effects were not antagonized by 
atropine. The results, however, probably cannot be explained in this way 
because it has been found by direct experiment that the effect on the 
cat’s blood-pressure of the substance liberated in the uterus is antagon- 
ized by atropine. 

Taken as a whole the evidence strongly suggests that acetylcholine 
itself is liberated by the nerve and is responsible for the contraction of 
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the muscle, The uterus provides a particularly clear example of the 
failure of atropine to abolish the effects of a cholinergic nerve. The 
explanation of this has been discussed and Gaddum 
[1930]. 
SuMMARY. 
1. After the injection of eserine, acetylcholine or some allied sub- 
stance can be detected in the blood in the uterine vein of a bitch. The 


concentration is increased by stimulation of the hypogastric nerve. In 
the absence of eserine no activity was detected. 


2. Eserine increases the contraction of the uterus produced by 


stimulation of the hypogastric nerves. 

3. It is concluded that acetylcholine acts as a chemical transmitter 
of this effect of the hypogastric nerve on the uterine muscle. This does 
not exclude the possibility that other substances are also liberated by 
the nerve. 

4, Since the motor effect is not paralysed by nicotine, the nerves 
concerned are probably postganglionic. 


I wish to express my gratitude to Prof. J. H. Gaddum for his kind help and advice. 
I wish also to thank Dr M. I. Asrigy and Dr G. Barsoum for assisting in some of the 


experiments. 
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THE RESPONSE OF THE CHEMICAL RECEPTORS OF 
THE CAROTID SINUS TO THE TENSION OF CO, — 
IN THE ARTERIAL BLOOD IN THE CAT.! 


By ADLI SAMAAN? anv G. STELLA. 


(From the Department of Physiology, 
University College, London.) — 


(Received June 26, 1935.) 


INTRODUCTION. 


In a previous paper Bogue and Stella [1935] described in the carotid 
sinus nerve a fresh type of afferent impulse appearing in asphyxia and 
anoxemia, and having no relation with the endosinusal pressure. These 
impulses were found to originate from end organs other than the stretch 
receptors studied by Bronk [1931], and by Bronk and Stella [1932; 
1935]. They would in fact persist in preparations where all the stretch 
receptors had apparently been severed from their connections with the 
nerve. Also the type of the action potentials was slightly different from 
that of the pressure impulses; and finally their distinction from the latter 
is further shown by the fact that asphyxia and anoxeemia do not excite 
the stretch receptors at all [Bronk and Stella, 1935). 

It seemed very probable that this fresh type of impulse might repre- 
sent the discharge of special chemical receptors, such as must exist in the 
carotid sinus (or more exactly in the carotid body, according to He ymans 
and Bouckaert [1932]), to account for the powerful circulatory and 
respiratory reflexes elicited from this region in response to comparatively 
moderate variations of the respiratory conditions of the arterial blood 
[Heymans, Bouckaert and Dautrebande, 1930; Owen and 
Gesell, 1931; Schmidt, 1932; Selladurai and Wright, 1932; 
Bernthal, 1934; Heymans, Bouckaert and Samaan, 1935; Gayet, 

1 Preliminary oral report: Meeting of the Physiological Society of November 17th, 1934. 
* Fellow of the Rockefeller Foundation. . 
PH. LXXXV. 20 
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Bennati and Quivy, 1935, and others]. According to some workers 
the susceptibility of this region to carbon dioxide is so great that even 
at normal tensions a tonic state of moderate reflex excitation of the 
respiratory centres is maintained [Selladurai and Wright, 1932; 
Witt, Katz and Kohn, 1934; Stella, 1935]. 

It has been found in the present investigation that a “chemical” 
discharge in the nerve of Hering, much smaller than that recorded by 
Bogue and Stella during asphyxia and anoxemia, is present even under 
normal conditions of respiration. It is apparently kept up by the CO, 
or hydrogen-ion concentration of normal blood. The relation between 
the intensity of this discharge and the tension of CO, in the arterial blood 
_ has also been studied. 


METHODS. 


The experiments were performed on cats anesthetized with chloralose 
(0-07 g. per kg. intraperitoneally) and urethane (0-08 g. per kg. sub- 
cutaneously). The action potentials were recorded from the peripheral 
stump of the nerve of Hering, cut at its origin from the glossopharyngeal. 
The usual technique, with a resistance-capacity amplifier and a Mat- 
thews’ oscillograph, was employed. 

In view of the fact that the stretch receptors would not be affected 
by the chemical conditions to be studied here [Bronk and Stella, 
1935], the peripheral distribution of the nerve was in some cases left 
untouched, ¢.e. the stretch receptors were not denervated. In the ma- 
jority of the experiments, however, the denervation technique described 
by Bogue and Stella [1935] was used, and the nerve left connected 
only with chemical receptors. This makes the analysis of the records 
easier, and eliminates all effects of possible fluctuation of the general 
blood-pressure. | 

In some few instances this rather difficult technique was found — 
unnecessary ; t.e. when the chemical fibres were found to be all running 
in a separate small trunk, parallel to the main nerve, and like the latter 
joining the glossopharyngeal. In most cases the chest was open and the 
animal kept under artificial respiration. When the effect of the tension 
of carbon dioxide was to be investigated, the amount of pulmonary 
ventilation was maintained constant and at a high level throughout, and 
mixtures of air and varying percentages of the gas tried. An adequate 
supply of oxygen was thus ensured, while the tension of carbon dioxide in 
the arterial blood was determined in samples drawn from the femoral 
artery and analysed by the method of van Slyke. 
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The effects of interrupting and re-establishing the blood circulation 
in the carotid sinus have also been studied; for this purpose the left — 
subclavian artery was tied at its origin, and a loop prepared round the 
innominate artery. This could then be temporarily pulled, and the artery 
occluded. By this method a complete interruption of the blood supply 
to the region was reasonably ensured, while, on the other hand, on releas- 
ing the artery, free circulation of pure arterial blood would be quickly 
restored. The latter condition was important when trying to determine 
the time taken by the asphyxial excitation to subside, 


RESULTS. 
Threshold tension of CO,. 

During natural breathing a considerable discharge was as a rule 
present, completely unaffected by changes of the arterial pressure. 
Accumulation of carbon dioxide in the arterial blood resulting from 
inefficient pulmonary ventilation of the animal under the anesthetic was 
no doubt one of the causes. But a mpderate discharge was also noticed 
in cases in which, owing to a light degree of anzsthesia, the respiratory 
activity seemed very little impaired. Anyway, when artificial respiration 
was applied, the discharge was usually completely abolished only if the 
ventilation was sufficient to lower the tension of carbon dioxide in the 
arterial blood to levels below the normal. Thus at a tension of that gas 
as low as 33-35 mm. Hg, a very small discharge consisting of a few 
sporadic impulses was usually still present, and disappeared when the 
pulmonary ventilation was further increased. 

Not all the chemical receptors of this region seem, however) to possess 
the same low threshold. Thus if a continuous record is made while 
the CO, in the blood is being washed out, and the intensity of the dis- 
charge gradually diminishing, it appears that the number of active fibres 
is steadily diminishing; and before the whole nerve becomes completely 
quiescent, one or perhaps two fibres will be seen to maintain an irregular 
sporadic activity over a considerable range of diminishing CO, tension. 
Exactly the reverse is noticed when the artificial respiration is gradually 
diminished and the chemical discharge allowed to build up slowly. A 
similar variability of the threshold value in different end organs has also 
been noticed among the stretch receptors of the carotid sinus [Bronk 
and Stella, 1932; 1935] and seems in fact to represent one of the features 
of end organs generally. It was interesting to see it repeated also’ in the 
case of this fresh type of endings. 
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Relation between the tension of carbon diowide in the arterial blood, 

and the intensity of the “chemical” discharge. 

The following experiments will show, even better than those described 
above, the actual importance of carbon dioxide as a factor which can 
bring the chemical receptors of the sinus into activity. The animals were 
kept under a constant degree of artificial respiration, while various 
mixtures of carbon dioxide and air were substituted for air so as to 
increase the tension of that gas in the arterial blood. The artificial 
respiration was so adjusted that, while inhaling pure air, no chemical 
discharge or only a very moderate one would be present. The percentage 
of CO, in the mixtures varied between 3 and 7. The tension of oxygen 


Fig. 1. Action currents from the peripheral end of a branch of the carotid sinus nerve 
. Showing chemical discharge independent of endosinusal pressure. Cat under artificial 
respiration and with chest open; left subclavian artery tied. A, before, and B, 3 sec. 
after complete occlusion of the innominate artery. C, artificial respiration increased ; 
circulation uninterrupted. In this and all subsequent records time is in 0-2 sec.; all 
records are to be read from right to left. 


therefore even during inhalation of the highest percentages of CO, was 
comparatively very little diminished. This point was of course important, 
in view of the stimulating effect of anoxemia [Bogue and Stella, 1934; 
1935]. 

The results obtained in this series of experiments are well illustrated 
in Figs. 1 and 2 taken from a typical experiment. The ‘‘chemical”’ 
fibres were all running in a separate nerve trunk containing no pressure 
fibres. Therefore, any manipulation likely to cause damage to the carotid 
sinus, or carotid body, was avoided. 

The absence of pressure fibres and the ale independence of the 
observed discharges from the probable effects of the endosinusal pressure 
were established in this and similar experiments by the following observa- 
tions: first, it was always possible to abolish the discharge and make the 
nerve silent by simply increasing the amount of the pulmonary ventilation. 
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At this stage, moreover, pulling on the common carotid was tried, a 
procedure which is known to excite the stretch receptors considerably ; 
but no trace was noticed of fresh activity. Second, if while the nerve 
was very active, on account of the respiratory conditions of the blood, the 


Fig. 2. Shows the dependence of the intensity of the discharge upon the respiratory condi- 
tions of the blood. A, the CO, tension in the arterial blood is 35 mm. Hg; a moderate 
discharge of a few impulses is already visible; B, CO, tension is 50 mm. Hg; C, 59 mm. 
Hg; D,72 mm. Hg; £,, hyperventilation with air; HZ, nitrogen is substituted for air; 
F, 5 p.c. CO, in nitrogen is inhaled. 


pressure in the carotid sinus was suddenly dropped to the lowest possible 
levels, the nerve discharge did not seem to undergo the slightest alteration. 

Fig. 1 illustrates such results as these. Under a moderate degree of 
artificial ventilation with air the fall of endosinusal pressure from 160 mm. 
Hg, down to about 10 mm. Hg, produced by occluding the innominate 
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artery, has no influence upon the discharge (compare A and B, Fig. 1). 
On the other hand, the washing out of CO, by increasing the artificial 
ventilation is followed by a distinct reduction in the intensity of the 
discharge (C, Fig. 1). B was taken 3 sec. after the innominate artery 
had been occluded. At this time there was no circulation of blood in 
the carotid body. The figure also shows, therefore, that the circulation 
of blood per se, i.e. apart from the supply and removal of chemical 
substances, has no influence upon the activity of the chemical receptors. 


Fig. 3. The effect of stopping and re-starting the artificial respiration. Cat with chest open. 
A, respiration on; B, 30 sec. after stopping the artificial ventilation; C, immediately 
after re-starting the respiration pump; D, at the end of the second stroke of the pump. 
Variations of the endosinusal pressure have no effect on this discharge. 


Fig. 2 shows the discharge in its relation to the tension of carbon 
dioxide in the arterial blood. It will be seen that starting from a level 
just below the normal and extending to a tension of about 70 mm. Hg, 
the discharge steadily increases in its intensity (A, B, C and D). The pro- 
cess is reversible, ¢.¢. the same effects are obtained by going in the reverse 
direction from the higher to the lower tensions. 

These records and the corresponding arterial blood samples were 
taken on each occasion after the fresh carbon dioxide mixture had been 
inhaled sufficiently long to allow the tension of that gas in the arterial 
blood to reach a reasonably steady state. 
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The increase in the nerve activity, however, was seen to follow very 
early after the inWilation of higher carbon dioxide mixtures had begun; 
the very first figns of it were in fact noticeable within a little more than 
a second. It will be pointed out below that this is due to the very short 
latent period of the end organs concerned. But since the increase of 
carbon dioxide tension under the present conditions was found to take 
place in the blood very gradually, the early response of the receptors 
must also be taken as an indication of their high sensitivity towards 
comparatively small variations in the intensity of this stimulus. Tensions 
of carbon dioxide higher than the one given in Fig. 2 D were not tried, 
but it 1s presumable that the effect would then have been even greater. 
The figure also shows the marked effect of acute anoxemia, FZ, and of 
inhalation of a mixture of 5 p.c. CO, in nitrogen, F, as in fact would 
have been expected from the greater intensity of the reflex excitation of 
respiration which would occur in the last two cases. 

Fig. 3 shows how a very considerable discharge, brought about by 
interrupting the artificial respiration for 30 sec., quickly diminished 
on re-starting the respiration pump. C was taken while the first stroke 
of the pump was going on; D immediately after the second stroke, and 
the intensity of the discharge is seen to be already reduced to less than 
one-half. 

Latent period of the chemical receptors. 

No accurate measurement has been made of the time elapsing before 
the chemical receptors begin to respond to a given new tension of carbon 
dioxide. The present experimental conditions would not allow such a 
determination; it has been possible, however, to obtain a rough idea on 


the point by considering the rapidity with which an increased percentage _ 


of that gas in the inhaled air was followed by the first indication of 
greater activity in the nerve. Having regard aiso to the time the blood 
must have taken to travel from the lungs to the carotid sinus, it may be 
safely assumed that the latent period is of the order of a fraction of 
a second. The rapidity of these end organs to respond to an increased 
carbon dioxide tension was particularly well noticeable when a mixture 
of that gas and air was inhaled by an animal in which, owing to hyper- 
ventilation, the nerve until then had been completely silent. 

The subsidence of the excitation after removal of the stimulus also 
occurs early. This is well seen in the example given in Fig. 4; the very 
marked discharge at B was caused by prolonged interruption of the blood 
supply to the carotid sinus [Bogue and Stella, 1935] (closure of the 
innominate artery and left subclavian); at the signal X the innominate 
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artery was released, and the effect of asphyxia is seen to disappear in 
about four-fifths of a second. If the fully arterial blood in this experiment 
had been able to reach the end organs immediately, it is presumable that 
the subsidence of the discharge would have occurred even more quickly. 
In this case the excitation was due to anoxs#mia as well as to accumula- 
tion of carbon dioxide in the tissues, but it seems justifiable to assume 
that the results would not differ omenualy in the case of stimulation 
from carbon dioxide only. 
Adaptation. 

It has already been pointed out by Bogue and Stella [1935] that 
the discharge of the chemical receptors ensuing upon complete interrup- 
tion of the circulation of blood in the carotid sinus can be seen to continue 
undiminished even after as long as 30 min. The course of the stimulating 


Fig. 4. Shows a large discharge provoked by prolonged interruption of circulation in the 
carotid sinus and its rapid subsidence on restoring the circulation. Chest open and 
artificial respiration on; left subclavian artery tied. A, circulation in the carotid sinus 
is normal; B, record taken 1 min. after complete occlusion of the innominate artery 
During the record, at X, the artery is released; the discharge comes dows to {ts original 
intensity after about 1 sec. 


condition or conditions in these cases was not known, and it was very 
likely continually increasing during the whole time. We made therefore 
some observations on the behaviour of discharge in response to a given 
constant tension of carbon dioxide when maintained over long stretches 
of time (12-15 min.). 

. Mixtures of 3 and 5 p.c. CO, in air were used (artificial respiration), 
and, after allowing the blood gases to reach their new equilibrium, 
records of the discharge were taken every 2-3 min. 

So far as can be judged from these records where so many active 
fibres were present, we have been unable to detect any sure sign in the 
sense of a progressive diminution in the intensity of the discharge itself. 
We think that the degree of adaptation of these end organs is very small 
indeed. It is possible of course that some adaptation would take place 
early, .e. within the first moments after the application of the stimulus 
if this could be applied suddenly. 
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Discussion. 


The evidence obtained in this investigation shows that the ‘‘chemical’’ 
discharge in the carotid sinus nerve is originating in endings which are 


_ specifically sensitive to the chemical conditions of the blood. Under 


adequate supply of oxygen their activity is strictly dependent on the 
tension of CQ, in the arterial blood. Some of these endings begin to 
discharge at tensions of this gas as low as 33-35 mm. Hg. As the tension 
is gradually raised, the intensity of the discharge rapidly increases to 
reach nearly a maximal value at tensions of 80-85 mm. Hg. It may be 
pointed out that the whole range of increasing activity of these receptors 
lies well within the range of physiological and physio-pathological con- 
ditions of the blood, at which values, moreover, all other end organs so 
far studied in muscles, lungs, etc., remain quite unaffected. Carbon 
dioxide, or probably the hydrogen concentration of the blood, represents 
therefore an adequate physiological stimulus for these receptors. 

The variations in the activity of these receptors in response to the 
various conditions tried are seen, moreover, to take place in the same 
direction as would the corresponding variations of the respiratory 
activity if the carotid sinus nerves were not cut[Heymans, Bouckaert 
and Dautrebande, 1930, etc.]. It may be mentioned in this respect 
that the reflex stimulating action of carbon dioxide on respiration, which 
had been denied by Gollwitzer-Meier and Schulte [1931] and by 
Mies [1932], has very recently been confirmed by Gayet, Bennati and 
Quivy [1935]. These last authors find, moreover, that such action can 
be quite marked already at tensions of that gas within physiological 
limits, It seems justifiable, therefore, to regard the “chemical” discharge 
as the afferent augmentor message in the mechanism of these reflexes. 
We have also observed that a discharge, similar to those seen under 
very high tensions of CO,, or severe asphyxia or anoxemia, is elicited by 
local application in the carotid sinus of nicotine or cyanide in small 
doses such as are known to provoke marked reflex excitation of respira- 
tion [Heymans, Bouckaert and Regniers, 1933]. The very small 
degree of adaptation of the receptors concerned is in further support of 
their importance in the reflex regulation of respiration. 

It is also very probable that the continuous moderate discharge of 
these impulses, noticeable even under physiological conditions of the 
blood, is responsible for a tonic excitation of the respiratory centres, 
such as is claimed by Selladurai and Wright [1932], Witt, 
Katz and Kohn [1934], and by one of us [Stella, 1935].. According 
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to these weehian: double denervation of the carotid sinus is, under 
certain circumstances, followed by a varying degree of respifatory 
depression. 

Perfusion experiments of Heymans, Bouckaert and Dautre- 
bande [1930] which showed that, if acapnic is substituted for normal or 
hypercapnic blood, there follows a temporary, but marked, inhibition of 
respiration, might perhaps have been interpreted as indicating that 
acapnic and indeed also alkaline blood may cause a fresh discharge of 
inhibitory impulses as against the augmentor ones above described. To 
test this possibility, various degrees of acapnia were tried in some of the 

_present experiments, by varying the magnitude of the artificial ventila- 
tion. Below the threshold tension of carbon dioxide, however, never 
was there observed any sign of fresh activity in the nerve, no matter 
how far the hyperventilation was pushed. The inhibitory effect described 
by the authors mentioned was presumably due to sudden cessation of the 
augmentor discharge. 

Bogue and Stella [1935] have described the building-up of a power- 
ful chemical discharge in animals suddenly killed while in good condition 
of pulmonary ventilation. This occurrence, which was taken to be due to 
asphyxia of the end organs, was confirmed in the present research, in the 
case of temporary occlusion of the left subclavian and innominate arteries. 
The intensity of the discharge thus obtained reaches in about half a 
minute the highest values as yet recorded in this nerve. We believe that 
a discharge of similar origin was mainly responsible for the marked 
stimulation of respiration observed by Schmidt [1932] when the pump, 
perfusing the isolated carotid sinus, was temporarily arrested. Schmidt 
was investigating the difference in the inhibitory effect upon respiration 
of pulsatile pressure in the carotid sinus as compared with constant pres- 
sure. He noticed that when the mean pressure was very low, cessation 
of pulsation by stopping the pump was followed in the cat by a great 
excitation of the respiratory activity, and even sometimes by generalised 

_ convulsions. On re-starting the pump, powerful inhibition of respiration 
was noticed, sometimes leading to temporary but complete apnoea.- In 
view of the results described in the present paper, the most reasonable 
interpretation of these dramatic findings seems to be that, owing to the 
low and non-pulsatile pressure, the chemical receptors in the carotid body 
were not being properly supplied with blood, and were in a state of marked 
asphyxial excitation. 
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SUMMARY. 


1, The “chemical” discharge i in the carotid sinus nerve, recorded by 
Bogue and Stella in anoxemic or asphyxiated cats, is shown here to 
be present also under the usual conditions of respiration, only its in- 
- tensity is markedly reduced. 

2. It originates from receptors specifically sensitive to the respiratory 
conditions of the blood. | 

3. At tensions of CO, in the arterial blood at or below 32-35 mm, Hg 
all these receptors are at rest. Above that level they begin to discharge, 
and the intensity of the latter is the greater the higher the tension of the 


4, The threshold tension of CO, is not the same for all receptors, and 
it is probable that some of them are thrown into activity only at high 
tensions of that gas, or perhaps only in acute anoxemia or asphyxia. 

5. The “chemical” receptors seem to possess a very small degree of 
adaptation, if any. 

6. The response to variations of CO, tension in the arterial blood is 


very prompt. 
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THE ESTIMATION OF CESTRIN AND OF MALE 
HORMONE IN OILY SOLUTION. 


By EDITH BULBRING anp J. H. BURN. 


Pharmaceutical Society, London 


(Received July 10, 1935.) 


A. THE ACCURACY OF THE SMEAR METHOD. 


THE evidence presented in this paper has its chief value in relation to the 
general question of the absorption of hormones from oily solutions which 
have been injected subcutaneously into small animals such as rats and 
mice. In 1933 Deanesly and Parkes published a criticism of the use 
of such solutions in biological tests, their main conclusion being that the 
absorption of the hormone from the oil was‘so irregular that accuracy of 
assay was impossible. Their evidence was twofold. They showed that 
when small doses of olive oil, sesame oil and castor oil were injected 
under the skin of rats and mice, a proportion of the oil was found to be 
unabsorbed when the animals were killed from 2 to 28 days later. Inthe © 
second place they injected into each of seven ovariectomized mice 0-1 mg. 
trihydroxyeestrin in 0-2 c.c. castor oil. When cestrus had occurred and 
passed off, the animals were killed and as much as possible of the un- 
absorbed oil was injected into other ovariectomized animals. (Estrus 
occurred in five out of seven of these. Deanesly and Parkes state that 
“The experiments described definitely disprove the supposition that 
estrin is absorbed rapidly and quantitatively from a slowly absorbed 
medium such as castor oil”; they also say that “quantitative absorption 
is the first essential in quantitative assay”. 

At the time this paper appeared many estimates of potency had been 
made in this laboratory of solutions of cestrin in oil; if Deanesly and 
Parkes were correct, these estimates must have been misleading and 
inaccurate. We have, therefore, taken the opportunity of testing the 
accuracy of the method. We handed to our colleague, Dr Katharine 
Coward, a solution in alcohol of estrone containing 1 mg. per c.c., of 
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which she prepared a series of subdilutions unknown to us. We trans- 
ferred the cestrone in each subdilution from alcohol to olive oil and 
attempted to determine by the biological method what the subdilution 
was. We were not told the correct figure until the biological tests were 
finished. The results of testing seven solutions are given in Table I, and 


Tastz I, Unknown dilutions of cstrone in alcohol estimated by injection in oil. 


Actual Estimated Percentage 
Solution dilution dilution error 
1 36 33 8 
2 52 4 
3 16 19 18 
4 22-5 10 
5 10 12 20 
6 50 65 30 
7 30 31 3 


it is evident that the agreement between the estimated and the actual 
dilutions is reasonably good for an animal test. Four solutions were 
estimated with an error not greater than 10 p.c., two others with an 
error not greater than 20 p.c., while the error of the TOUaaCRENG estimate 
was 30 p.c. 

Method of performing the tests. 


(a) The animals used. 


_ The biological ‘timations:s were made with ovariectomized rats, of 
which at any one time about forty were available. The ovaries were 
removed at a weight of about 120 g. and the rats were used until their 
weight had reached 220 g.; new rats were then prepared. During most 
of the tests, cestrin was administered once every fortnight, but during 
the later tests it was administered once a week. There seems to be no 
objection to this, for D’Amour and Gustavson [1930] found it satis- 
factory, and provided all comparisons are made with a standard, the 
increase in the sensitiveness of the rats will not affect the accuracy of 
the result, 


(6) Grouping the animals, | 

Each test was conducted on similar lines. Preliminary observations 
were made to determine the dose of the unknown solution which would 
produce cestrus in some, but not in all, of the rats which received it. 
A “cross-test” of the kind introduced by Marks [1926] for the assay of 
insulin in rabbits was then carried out. Twenty rats, which may be called 
group A, were injected with the indicated dose of the unknown solution, 
and at the same time twenty other rats, group B, were injected with a 


: 
* 
4 
sg 
- 
og 
3 
, 


322. E. BULBRING AND J. H. BURN. 


dose of a known dilution of the same solution of cestrone from which the 
unknown solution was prepared. The proportion of animals in which 
cestrus occurred was then observed in each group. A week or a fortnight 
later the test was repeated, exchanging the groups. Group A received 
the dose of the known dilution and group B received the dose of the 
unknown solution. By this procedure each of the forty rats received 
both the unknown solution and the known dilution, and the relative 
potency of the two was calculated from the sum of the positive effects in 
the two tests. 


(c) Preparation of solutions and dosage. | 
The original solution contained 1 mg. estrone in | c.c. alcohol (97 
p.c.). The known dilution was prepared by diluting 1-25 c.c. with alcohol, 
so that 1 c.c. of the dilution contained 40y cstrone. The requisite volume 
of olive oil was obtained by weighing it in a beaker, taking 0-92 as the 
specific gravity. Usually 8c.c, were measured, that is to say 7-36g. On 
to the surface of this oil 1 c.c. of the dilution was poured from a pipette 
and the alcohol allowed to mix with the oil by gentle shaking. The bottom 
of the beaker was then held in a hot-water bath so that the alcohol was 
driven off and the cestrone was left in solution in the oil. 0-2 c.c. of the 
oil contained ly cestrone, and this amount usually produced cestrus in 
50 p.c.of rats, though in different tests the figure varied from 35 to 60 p.c. 
In the early experiments the dose of 0-2 c.c. was given per 160 g. body 
weight, so that a rat weighing 200 g. received 0-25 c.c., but in the later 
ones the dose of 0-2 c.c.-was given without reference to body weight. | 
Care was taken that the distribution of body weight was similar in the 


two groups of rats. The dose was given as a single injection into the 
subcutaneous tissue of the flank. 


(d) Details of a test, | , 


The details of the test of solution 4 in Table I are given in Table II, 
from which it is evident that before a dependable result was obtained 
two months elapsed. Preliminary observation’ were made on Septem- 
ber 3, without a simultaneous test of a known dilation. When a further 
test was made a fortnight later side by side with that of a known dilution, 
it was evident that the preliminary test had given a misleading result. 
The final test was begun on October 15, and completed on October 29; 
it showed that the unknown solution caused oestrus in 46 p.c., and 
the known dilution caused cestrus in 38 p.c. From the curve obtained 
by Coward and Burn [1927] the ratio of doses causing estrus in 
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Taste II. Details of testing solation 4. 
~ Volume of oil solution injected was 0-2 o.c. per 160 g. 


Unknown solution Known ¢ ee. 
Volume of Volume of 
oil contain- of oil rtion 
Date ing positive results 

Sept. 3 5 out of 21 
Sept. 3 3-1 12 out of 21 —_ sil 
Sept.17 6-5 20 out of 20 8 8 out of 20 
Oct. 1 13-0 1 out of 16 8-7 9 out of 17 
Oct. 15 98 10 out of 17 9-8 8 out of 16 
Oct. 29 8-7 8 out of 22 8-7 7 out of 23 


these percentages is 0-9/0-8; hence the unknown solution contained 
0-9/0-8 x 40y per c.c. or 45y per c.c. Hence the estimate of the number 
of times the original solution was diluted was 1000/45 =22-5. The actual 
dilution was 25. | 

Time taken for test. 

We have given the details of this test because it illustrates how long 
it may take to obtain a correct answer by the vaginal smear method. 
Three of the unknown dilutions were estimated in much less time, but 
the remaining three took almost as long as did solution 4. We see no 
reason to think that this delay is a peculiarity of injections in oil; it is 
due to the variation in the sensitiveness of rats, and would occur equally 
in the estimation of watery solutions. 


B. A NEW METHOD OF ESTIMATING GSTRIN. 


We describe later some estimations of the so-called male hormone by 
the method of Korenchevsky and his co-workers [1932] in which the 
increase in weight of the prostate and seminal vesicles is observed after 
injection of the hormone. Being impressed with the accuracy of this 
method, we decided to investigate whether a similar method could be 
used to estimate cestrin, in the hope that such a method would yield 
results in a shorter time. 

We took young female rats weighing about 40 g., choosing groups of 
three or four from the same litter. The ovaries were removed under ether 
anesthesia, care being taken not to excise the neighbouring portion of the 
uterus. Two days later, each animal, except the controls, received an 
injection of cestrin dissolved in 0-1 c.c. olive oil. This injection was 
repeated on the three following days, and then, 48 hours later, the animals 
were killed and the uteri dissected and placed in a modified Bouin's 
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fluid of the following composition: saturated picric acid 750 c.c., for- 
maldehyde 150 ¢,c., glacial acetic acid 100 c.c., urea 10 g. After being 
fixed for 24 hours the uteri were dried between pieces of filter paper and 
weighed. The dissection of the uteri from the body and the drying and 
weighing after fixation were always carried out by one person. The 
weight of each uterus in mg. was calculated per 100 g. body weight of rat 
at death. For example, a rat weighing 32 g. at operation when killed 
6 days later weighed 52 g., and the uterus weighed 19 mg.; the weight 
of the uterus was, therefore, 36 mg. per 100 g. The results of injecting 
cestrone in four daily doses of 0-2, 0-4, and 0-8y are shown in Table III. 


Tasix III. Figures are weights of uteri in mg. per 100 g. 


Dose injected daily for 4 days 

Litter Nil 0-2 0-4y 0-8y 
100 

2 28 106 116 145 

3 26 72 88 135 

4 31 42 68 115 

5 64 111 136 

6 28 70 111 133 

7 a 56 68 85 

8 36 42 63 87 

9 38 65 70 150 
63 72 

Average 33 bd 90 123 


The figures in the columns show much variation. For example, the 
rat in litter 4 which received 0-2y had a uterus no heavier than that of the 
uninjected rat in litter 1; similarly the rat in litter 2 which received 
0-2y had a uterus heavier than that of the rat in litter 7 which received 
0-8y. Nevertheless, in each litter the weights of the uteri were without 
exception in the same order as the doses, and the steady rise of the 
average weights of the uteri was promising. Further experiments were 
performed in the same way, and the average results of these experiments 
are given in Table IV. The average figures for the injected rats in Exp. 2 
were almost identical with those in Exp. 1, while the figures in Exps. 3 


Taste IV, Figures are average weights of uteri in mg. per 100 g. The number in brackets 
after each figure is the number of animals from which the average is calculated. 


Dose injected daily for 4 days 
Exp. Nil 0-2y 0-4y 0-8y 
1 33 (7) 64 (9) 90 (11) 123 (8) 
2 40 (6) 63 (4) 93 ts 119 ‘e; 
3 70 is} 99 (5 
87-5 (6 115-6 (6) 
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and 4 were higher. When these results were plotted against the logarithm 


of the dose as shown in Fig. 1, the lines obtained were approximately 


parallel. We considered that these results furnished the basis of a 
method of estimation in which the effect of an unknown solution could 
be compared with the effect of the standard on rats of the same litter. 


Since the average weight of uteri taken from rats injected with a given dose 


of cestrone was not always the a simultaneous comparison with the 
standard was essential. 
Performance of a test. 

The method of examining an unknown solution will be described by 
giving the details of the examination of one of the solutions mentioned in 
Table I, which was an unknown dilution in alcohol of a 0-1 p.c. solution 
of cestrone. Preliminary observations by the smear method indicated 
that the dilution was about 37-5 times, and contained about 27y per c.c. 
Two solutions in olive oil were prepared to contain as nearly as possible 
0-2 and 0-4y in 0:1 c.c.; 0-75 c.c. of the alcoholic solution was added to 
10 c.c. olive oil, and the oil was warmed to drive off the alcohol; this was 
solution A. Solution B was twice the strength of solution A. Of these 
solutions 0-1 c.c. was injected daily. For simultaneous comparison 
solutions of cestrone were prepared containing in 0-1 c.c. olive oil 0-2 and 
0-4y respectively. Two litters each containing four rats, and five litters 
each containing three rats were available, which were distributed between 
the different doses as shown in Table V where the results are tabulated. 


TaBLE V. Figures are weights of uteri in mg. per 100 g. 
: Doses of cestrone Doses of unknown solution 


Litter 0-2y 0-4y 0-0075.c.c. 0-015 cc. 
1 54 152 61 92 
2 49 71 74 63. 
3 51 112 51 — 
4 — 58 60 102 
5 81 102 _ 120 
6 63 : — 83 105 
7 126 — 83 108 
Average 70 99 69 95 


The strength of the unknown solution was calculated by plotting the 
results with the doses of vestrone as in Fig. 1. The doses of the unknown 
solution produced effects which were seen from this graph to be equivalent 
to that of 0:195y, and of 0:375y cestrone respectively; hence 1 c.c. of the 
unknown solution contained 25-5, cestrone. This result indicated that the 
original 0-1 p.c. solution was diluted 39 times, whereas — it was 
diluted 36 times. 
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In making preliminary observations of unknown solutions we take 
six ovariectomized rats of weight between 30 and 50 g. and inject them 
with a dose expected to be equivalent to 0-4y cestrone. If the forecast 
is accurate the average weight of the uteri should be about 90 mg. per 
100 g.; if the solution is only half the strength, or is twice the strength 
expected, an approximate indication of the strength is still obtained. — 
From this indication solutions are prepared which may be expected to 
contain 0-2 and 0-4y in 0-1 c.c. olive oil; with these the final experiment 


120F 


log 0-2 | 4 0-8 

Fig. 1. Abscisss: logarithm of dose (y) of oestrone. Ordinates: average weights of uteri, 

© 

is performed. The results in preliminary experiments are not wed in 
making the final estimate, since this estimate should depend entirely on 
experiments in which every rat injected with the unknown has a sister 
rat injected with the standard. 


a Accuracy of the method, 

Further evidence of the degree of accuracy to be obtained by the 
method was provided when a second unknown dilution of cestrone was 
examined, A 0-1 p.c. solution of cestrone in alcohol was estimated by the 
method to have been diluted 33 times; actually it had been diluted 30 
times. 
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A sample of crystalline material was examined with great care by the 
smear method in comparison with the international standard; the esti- 
mate that the sample was 1-38 times as strong as the standard was based 
on @ final comparison in which eighty rats were used for the sample and 
eighty rats for the standard. This sample was also examined by the 
‘uterus method, and the result obtained was that it was 1-41 times as 
strong as the standard. For the uterus method seventeen rats were 
injected with the sample and seventeen were injected with the standard. 
The details of this comparison are given in Table VI. 


Taste VI. 


Standard Unknown material 
£ Average wt. of Average wt. of 
mg. per 
Daily dose 100 g Daily dose 100 g. 
& 
0-8y 118-5 (6) 0-87y 139 


(The number in brackets after each figure is the number of animals from which the | 
average is taken.) — 
_ The figures for the standard and for the unknown material were 
plotted on a chart against the dose. The following relations were then 
observed on the chart: 


(1) 0-22y unknown =0-29y standard. . 
(2) 0-4y standard =0-325y unknown. 

(3) 0-44y unknown =0-71y standard. 

(4) 0-8y standard =0-54y unknown. 


The mean result was: unknown=1-41 x standard. The agreement 
between the results by the two methods was satisfactory. 


Advantage of the method. 

To obtain as accurate as possible a result by the smear method we 
think that a “cross-test” should always be done as has been described 
in section A. It follows that the final comparison of an unknown solution 
with the standard occupies at least a fortnight if rats are injected once a 
week, and at least 3 weeks if it is considered desirable to allow 14 days 
to elapse between one injection and the next. When the time required 
for preliminary observations is added, the complete estimation of an 
unknown may take from 3 to 6 weeks. The method proposed here will 
usually give the same information in 2 weeks. It is true that the animals 
are killed, and cannot be used again, but in practice we find this loss is 
balanced by the saving in food and laboratory assistants’ time. 

21—2 
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C. THE ESTIMATION OF MALE HORMONE. 


As a further example of the regularity with which hormones are 
absorbed from solution in oil we now describe some results of experi- 
ments made by the method of Korenchevsky, Dennison and 
Schalit [1932] for estimating the so-called male hormone. Koren- 
chevsky chooses young rats not exceeding 30 days old, and removes the 
testicles. The rats are kept for 30 days to allow the prostate and seminal 
vesicles to diminish in size, and are then injected twice daily for 7 days 
with the hormone in oily solution. The rats are killed, and the prostate, 
seminal vesicles and penis dissected and fixed in the modified Bouin’s 
solution mentioned above. After 24 hours the organs are dried between 
filter paper and weighed. 

An experiment carried out with a samiple of ‘ ‘provironol ””, precisely 
according to this method, gave the result shown in Table VII. Each 
group of three rats, one uninjected, one receiving 0-1 c.c. daily and the 
third receiving 0-2 c.c. daily, came from the same litter. — 


VII. 


Rats Rats receiving Rats receiving 
Litter total dose 0-7.c.c. total dose 1-4 ¢.c. 


1 36 135 ; 192 
2 39 118 | 187 
3 30 94 175 
4 46 82 ' 182 
5 39 76 130 
6 39 63 146 
Average 38 95 169 


The average figures for the weights of the penis were 77 mg. for un- 
injected rats, 136 mg. for rats receiving a total of 0-7 c.c., and 176 mg. for 
rats receiving a total of 1-4 c.c. The average figures in Table VII when 
calculated per 100 g. body weight become 17 mg. for uninjected rats, 
42 and 74 mg. for rats receiving 0-7 and 1-4 c.c. respectively. These 
results support K orenchevsky’s contention that for doses of the order 
used the increase in weight of prostate and seminal vesicles is directly 
proportional to the dose, and furnish evidence of the quantitative 
absorption of the hormone from the oil. 

We have carried out further experiments to shorten Korenchevsky’s 
procedure. The chief loss of time by this method is caused by keeping 
the rats for 30 days after castration. We have made injections of “hom- 
breol” beginning the day after castration, and, as will be seen, the results 
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are not adversely affected by doing so. We have given only one injection © 
each day, and have tested the effect of injections for 3, 5 and 7 days 
respectively, In the first of these experiments to test the effect of in- 
jections for 3 days, twelve rats from four litters were used; of each three 
of the same litter one received a daily injection of 0-1 c.c. hombreol, one 
received 0-2 c.c. and one remained uninjected. This was killed on the 
fourth day after operation together with the others. A similarly disposed 
group of twelve rats was used to test the effect of injections for 5 days, 
and a third group for injections for 7 days. The prostate and seminal 
vesicles were weighed and the weight per 100 g. body weight was calcu- 
lated. The averages of these calculated weights are given in Table VIII. 


Tasix VIII, Figures are average weights of prostate and seminal vesicles per 100 g. 
a — Rats receiving Rats receiving 


0-1 o.0. 0-2 
4th day i 114 144 
6th day 80 143 199 
8th day 42 140 225 


The figures in each horizontal line are seen to rise in proportion to the 
dose, but the weight of the organs after 7 days’ injections with 0-1 c.c. 
hombreol was slightly less than that after 5 days’ injections. At first this 
was taken to indicate that injections after 5 days were less effective, but 
during the period after castration the weights of the organs must steadily 
fall, and it was possible that a daily injection producing a weight of 
140 mg. per 100 g. after 7 days was exerting an appreciably greater effect 
than one producing a weight of 143 mg. per 100 g. after 5 days. To throw 
light on this the whole experiment of Table VIII was repeated using nine 
litters with five rats in each litter; three of the five were treated as in the 
previous experiment; one was killed and dissected on the day of operation, 
and one was left unoperated to be killed on the day when the others of 
the same litter were killed. Thus the results provided information of the 
rate of atrophy of the prostate after castration, and also of the rate of 
normal growth during the period of experiment. They are given in 


Table IX. 
Tasre IX. Figures are average weights of prostate and seminal vesicles per 100 g. 
Wt. at Castrated rate receiving | Unoperated 
aa time of not 
operation Nil 0-1 oc. 0-2 o.c. injected 
ee 98 75 116 146 103 
5 91 54 114 142 107 
7 92 49 127 223 87 
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The meaning of the results is most easily seen in Fig. 2, in which 
Tables VIII and IX are combined graphically, the average of the corre- 
sponding figures in the two tables being used. There can be no doubt that 


150} 

100} 
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; 

Fig. 2. Abscisse: days of injection. Ordinates: average weights of prostate and seminal 
vesicles (mg. per 100 g.). I and II show the increase of weight in castrated rats re- 
ceiving daily 0-2 and 0-1 c.c. hombreol respectively. III shows the change in weight 
in uncastrated animals not injected. IV shows the fall in weight in castrated animals 
not injected. 

the effect of the injections is increased according to the number of days 

they are given; there is no support for the suggestion that the injections 

become less efficient on the sixth and seventh days. It is possible to 

estimate the potency of male hormone after injections for 3 days only, 
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though the differences in weight become more than twice as great after 
7 days. 

We have determined the weights of the prostate and seminal veeiolee 
separately, as well as together, in these experiments, and also the 
weights.of the penis and of preputial glands. The percentage increase of 
the weight of the seminal vesicles was always very similar to that of the 

prostate alone, and _ than sat of the penis. 


The evidence presented in this paper that hormones are absorbed 
quantitatively from oily solutions is threefold. It has been demonstrated 
that solutions of cestrone in oil can be estimated with reasonable accuracy 
- by the vaginal smear method, and in the second place that they produce 
a growth of the uterus of immature rats which is proportional to the dose. 
It has also been shown, in support of the conclusions of Korenchevsky 
and his co-workers, that solutions of the male hormone in oil cause 
growth of the prostate and seminal vesicles which is also proportional to 
the dose. A caution must of course be added about the phrase “quan- 
titative absorption”, since it is probable that some of the hormone is 
still unabsorbed when the greater part has finished exerting its physio- 
logical effect. But the estimation of oily solutions is not hindered thereby, 
any more than the estimation of watery solutions is hindered by the 
rapid excretion of some of the hormone into the urine. The absorption of 
a large part of the hormone from olive oil must occur quickly, since a 
single injection of 1-0y oestrone in 0-2 c.c. oil produces its effect in the 
same time, namely 48 hours, as three injections, each of 0-2y cestrone, 
given in saline at 4-hour intervals. These doses, in oil and in saline, both, 
in our experience, cause cestrus in about 50 p.c. of rats. 

At the time when Deanesly and Parkes published their criticism 
of the use of oily solutions, there was already evidence that estimations 
of potency could be obtained with accuracy when injections were made 
in oil. Coward and Burn [1927] had determined a characteristic curve 
for cestrin in rats and mice by the use of an oily solution emulsified in 
sodium carbonate. D’Amour and Gustavson [1930] confirmed the 
shape of the curve by the use of unemulsified oily solutions; this con- . 
firmation was sufficiently complete for D'Amour and Gustavson to 
tabulate the two sets of observations side by side in their paper. The 
closeness of the confirmation indicated the probability that oil was a 
suitable vehicle for injections of cestrin in biological assay. There was, of 
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course, the possibility that both sets of observations were incorrect and 
agreed only by chance; doubt on this point has recently been removed 
by the findings of Rowlands and Callow [1935]. They have published 
a characteristic curve for watery solutions of estrone injected into mice, 
which is identical with the original curve of Coward and Burn. 

Deanesly and Parkes, on general grounds, thought it most un- 
likely that hormone could be absorbed at a regular rate and quanti- 
tatively from oil injected into the loose subcutaneous tissue of the rat or 
mouse. Our own impression is the contrary of this. We believe that the 
animal body, whether it be the alimentary canal or the subcutaneous 
tissue, can extract with an efficiency which is higher than anything 
known in the laboratory. 


SuMMARY. 


1, Doubt has been expressed whether cestrin injected in oily solution 
into rats or mice is absorbed at a regular rate, and whether oily solutions 
can be estimated with accuracy. We have examined by the vaginal smear 
method, making injections in oil, seven dilutions of oestrone prepared 
by another worker, and have obtained estimates of their strength with 
an error varying from 3 to 30 p.c., the average error being 13 p.c. 

2. In using the smear method we make simultaneous comparison 
with a known solution as standard, and carry out a “cross-test”’ as first 
proposed by Marks for testing insulin in rabbits, 

3. Since it may take several weeks to obtain a result by ibe. smear 
method, we have described a new method of estimating cestrin in oily 
solution by the increase in weight of the uterus of ovariectomized rats of 
40 g. body weight. Over a range of dose from 0-2 to 0-8y oestrone daily 
for 4 days, the mean increase in the weight of the uterus is proportional 
to the logarithm of the dose. The estimation is always made in com- 
parison with a standard. 

4. We have confirmed the findings of Korenchevsky, Dennison 
and Schalit that injections of male hormone in oil cause an increase in 
the mean weight of the prostate and seminal vesicles of castrated rats 
which is proportional to the dose, within a certain range. We have 
determined the rate of atrophy of prostate and seminal vesicles after 
_ castration, and have compared the increase in weight of the organs 
produced by injections for 3, 5 and 7 days. We have found that it is 
unnecessary to wait 30 days after castration before making injections. 
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THE ACTION OF ADRENALINE ON THE 
RESPIRATORY QUOTIENT. — 
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(From the Department of Physiology, The University, Aberdeen.) 
(Received July 17, 1935.) 


By no means the least important of the widespread effects of adrenaline 
on the animal organism is that on carbohydrate metabolism. An initial 
fall in the glycogen of both liver and muscles and a rise in blood sugar 
and lactic acid are, by now, established facts. Less definite, however, is 
the effect on utilization of carbohydrate, and on tissue glycogen sub- 
sequent to the initial fall. 

The usual view that adrenaline stimulates carbohydrate combustion 
ife.. ' has been challenged by Cori and Cori [1929] as a result of their experi- 
ments in which the hyperglycemia produced by adrenaline was com- 
pared with that resulting from glucose injections. Colwell and Bright 
[1930] demonstrated ‘that, even in the presence of an excess of sugar in 
the blood, the utilization of carbohydrate, as measured by respiratory 
quotient and by balance experiments, decreased steadily under adrenaline 
- till a state was produced which, in some respects, simulated diabetes. 
The work of Wierzuchowski [1931] also confirms, in a general way, 
this action of adrenaline, for, although respiratory observations were not 
made, he demonstrated that less glucose is retained if given by con- 
tinuous intravenous injection with adrenaline than without. Samson 
and Jacobs [1932], however, although not approaching the problem 
directly, found nothing to suggest that adrenaline inhibits carbohydrate — 
utilization. This view was also taken by Soskin, Priest, and Schutz 
[1934]. 

The question is obviously one of fundamental importance to an 
understanding of carbohydrate physiology, but, as yet, the available 
evidence does not permit a reliable conclusion to be drawn. This evidence 
has been obtained by various experimental procedures often involving 
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potential sources of disturbance of carbohydrate metabolism—e.g. the 
use of general anesthetics and the inconstant rate of absorption which 
may follow subcutaneous injections—which are difficult to compute. 
For this reason the problem has been reinvestigated by a method which 
does not involve general anssthesia and in which injections are made 
continuously into a vein. 

METHODS. 

With the aid of 1-2 c.c. of 1-5 p.c. novocaine, a cannula can be in- 
serted in a rabbit’s trachea without evidence of pain or of subsequent 
discomfort. The cannula used had an anterior opening to permit cleaning 
and two side arms connected to respiratory valves for the separation of 
expired from inspired air. The air entered by a tube leading from the 
outside of the building, and was expired into a 25-litre Douglas bag. 
Throughout the experiment the connections were never broken except 
momentarily to remove water of condensation from the traps, or to 
clean the cannula. 

A needle was inserted into the marginal ear vein and held in place by 
two rubber-tipped bull-dog clips. The ear was supported by a light 
aluminium splint held in place by rubber bands. A piece of fine bicycle- 
valve rubber tubing 15-20 cm. long connected the needle to a reservoir 
just large enough to hold a thermometer. A small T-piece immediately 
above the needle permitted complete and rapid changing of the infusion 
fluid. An electric motor drove the fluid from a glass syringe through the 
reservoir and into the vein at a constant rate which was easily con- 
trolled by means of a variable gear. The reservoir and thermometer were _ 
supported by a light freely-movable spring which allowed the rabbit a 
wide range of head movement. A carbon-filament lamp near the reservoir 
and rubber connections maintained the temperature of the infusion fluid 
at about 38° C. 

The rabbit was placed in a small metal box just large enough to 
permit him to sit comfortably but not wide enough for him to turn round. 
If the box were placed on a stool 3-4 ft. above the floor, the animal would 

_ sit quietly hour after hour, occasionally putting up his head to look around, 
but making no attempt to get out of the box. Even with the tracheal 
cannula inserted and fluid passing into the ear vein, he showed no evi- 
dence of discomfort, but acted quite normally, eating carrot if offered, 
and responding normally to sounds and sights. In the bottom of the 
box was a drainage tube for collecting urine. Blood samples were easily 
obtained from the marginal vein of the free ear, after —e it well 
with an electric lamp. 
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The usual procedure was as follows: Normal rabbits, whose stock diet 
consisted of oats, carrots, turnips, and greens, were fasted 10-16 hours. 
Early in the morning the cannula was inserted in the trachea, a needle 
in the ear vein, and physiological saline infused for a period of 2 hours 
during which time the room was kept as quiet as possible, The animal, 
generally a little excited by handling, was quiet.and breathing normally 
usually within half an hour. During the second hour two samples of 
expired air were collected, the periods usually lasting 25-30 min. 
Immediately following this a blood sample was taken for the estimation 
of sugar content and CO, capacity. The solution was then replaced by 
adrenaline diluted with normal saline. Although the dose of adrenaline 
and the duration of the experiment were varied, the rate of infusion was 
maintained throughout at 5 c.c. per kg. body weight per hour. At the 
end of each experiment a final blood sample was taken and the animal 
quickly anesthetized by injecting urethane through the infusion needle, 
1-3 g. per kg. injected rapidly from a syringe giving complete and almost 
instantaneous anesthesia without any excitation or struggling. Thin 
slices of liver, roughly freed from blood, were placed immediately in a 
weighed amount of 60 p.c. KOH, the legs were amputated by a rapid 
clean cut and placed in brine chilled to —15 to —20° C. The entire work 
of injecting the urethane, taking liver samples, and amputating the legs 
required only about 60 sec. 

Blood sugar was determined by the Hagedorn-Jensen method 
[Peters and van Slyke, 1932], CO, capacity by the manometric method 
of van Slyke [1932] using 0-2 c.c. of whole blood. Samples of expired 
air were taken directly from the Douglas bags into a Carpenter type 
of Haldane gas analysis apparatus and analysed in the usual manner. 
Liver and muscle glycogen was determined by the Pfliiger technique, 
using 3-5 g. of liver and 12-15 g. of gastrocnemiuus muscle, the final 
sugar determination being made by the Shaffer-Hartmann method. 


RESULTS. 


Although an attempt was made to repeat the procedure of Colwell 
_and Bright [1930] in which a combined solution of glucose and adrenaline 
was infused into unanesthetized rabbits, the results were irregular and 
uncertain. Under such conditions it seemed likely that a stimulating 
effect of the glucose on carbohydrate combustion might conceal or 
nullify an opposite effect of adrenaline if such existed. Accordingly, in 
the experiments here recorded, glucose was omitted and the adrenaline 
diluted with physiological saline. When this was done, the irregularities 


z 
. 
4 
ad 
£ 
g 
‘ 
= 
a 
4% 


ADRENALINE ACTION ON RESPIRATORY QUOTIENT. 337 


disappeared and experiments could be reproduced consistently. Twenty 
such experiments have been performed, the results of which are sum- 
marized in Table I. A fall in respiratory quotient was observed in all 
instances, the average final n.q. being 0-09 lower than the average initial 
value. 


Adrenaline ‘Taste I. CO, ca 
ift in 
Dura- Blood sugar R.Q. final 4 hours 
No. mg./kg./hour hours Initial Max Final Initial per 
64 0-05-0°1 11 114° 425 255 1-00 0-78 -] 
61 0-05-0°1 ll 114 375 235 0-88 0-74 +0°5 
27 0-05 ll 127 470 318 0-91 0-78 +1 
28 0-06 9 109 255 0°95 0-82 -1 
63 0-05-0-09 il 108 375 230 0-87 0-74 | 
18 0-03-0-08 10 123 382 0-90 0:77 +155 
19 0-07 6 119 275 245 0-84 0-71 0 
57 0-07-0-22 ll 98 425 330 0-91 0-82 -] 
32 0-04—0-06 9 135 475 250 0-96 0-87 -1+5 
60 0-04-0-09 ll 116 300 275 0-80 0-72 
62 0-05-0-09 ll 107 425 250 0-81 0-73 +2 
70 0-01-0-02 5 116 247 93 0-85 0-79 0 
65 0-03-0-06 6 124 297 297 0-89 0-82 +1 
31 0-06 7 129 233 156 0-91 0-85 -—2°5 
16 0-02-0-05 7 116 334 181 0-87 0-82 —0°5 
33 0-06 8 128 381 322 O78 £076 0 
66 0-03-0-05 4 126 375 3460 0:77 0-74 
68 0-03 5 115 275 275 0-83 0-81 -15 
20 0-04-0-06 4 107 375 545 0-81 0-79 -—2 
69 0-03 5 109 327 300 0-89 0-87 -3 
Average 121 360 267 0-87 0-78 —0°6 


The details of three typical experiments are shown in Figs. 1, 2 and 3. 
These animals showed no external evidence of an adrenaline effect apart 
from their being somewhat quieter than normal. Respiration was slow, 
circulation remained good, and no restlessness or excitability was evident. 
The absence of severe acidosis is shown by the relatively small changes in 
CO, capacity. Although this fell at first, it rose later, and during the final 
hours remained sufficiently steady to obviate the use of a “blowing off of 
CO,” factor in the interpretation of the respiratory quotient. In Fig. 1, 
representing an experiment on a fed animal, the initial fall in CO, 
capacity was greatest and the initial fall in x.q. was somewhat delayed, 
probably due to this “blowing off” factor. It should also be noted that 
during the early hours of the adrenaline infusion, the blood sugar rose 
rapidly, but later fell slowly in spite of maintenance of the same or even 
of an increased dose of adrenaline. The respiratory quotients fell steadily, 
reaching, in the three experiments charted, final values of 0-78, 0-74 and 
0-78 respectively. Corrections for protein metabolism would, of course, 
bring these values nearer the level of fat metabolism. The consistency of 
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the results in all twenty experiments makes it clear that a constant 
infusion of adrenaline causes a definite fall in respiratory quotient. 
Immediately after the infusion of adrenaline began, some degree of 
acidosis invariably developed. However, if the dose were not too large, 
compensation apparently occurred as evidenced by a later rise in CO, 
capacity. With larger doses, the acidosis became progressively worse, 


500 


RABBIT No. 64 


010- 
Hours 
Fig. 1. 


and if such amounts were continued or increased still further, circulatory 
failure and final collapse resulted. In three experiments very large doses 
of adrenaline were given and continued until signs of circulatory failure 
developed (weakness, cyanosis, extreme peripheral vascular constriction — 
unaffected by external application of heat or xylol, and, in one instance, 
pulmonary oedema). In all three of these experiments a rising respiratory 
quotient was observed, in one animal reaching a height of 1-07. In spite 
of the high final respiratory quotient only traces of glycogen were found 
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in liver and muscle of this animal. Obviously, in the presence of severe 
acidosis, with blowing off of carbon dioxide and of circulatory failure, the 
respiratory exchange cannot be considered a reliable index of the oxi- 
dative metabolism of the animal. Such conditions, however, may well 


RABBIT No. 61 


R.Q. 


Hours 
Fig. 2. 


explain the rising respiratory quotient observed in our earlier experiments 
with adrenaline, a suggestion which has been made repeatedly in recent 
years. 
7 Because of the difference in opinion regarding the late effects of 

adrenaline on liver and muscle glycogen, samples of liver and gastroc- 
nemius muscle were taken at the end of each experiment, and glycogen 
estimations made. The results are presented in Table II along with the 
respiratory quotients obtained at the end of each experimental period. 
For the sake of comparison, the average glycogen values of nineteen 
normal rabbits which received no adrenaline appear in the lowest line. 


4 
a 

f 
500 q 

400 80 4 

3 

~~ CO, capacity 65 

o 

200 / sugar WO 4 

Oo 

1-00 50 

0°95 

i | 

0-90 4 

0-85 4 

0-75 

> 0-15 4 

0-10 


340 E. M. BRIDGE AND H. R. NOLTIE. 


‘Because of varying degrees of preliminary fasting, the average respiratory 
quotient of the control animals at the time samples were taken for 
glycogen was 0-80 with extremes of 0-87 -0-72. Although the average 
initial respiratory quotient of the adrenaline rabbits will be seen from 
Table I to be 0-87, corresponding to their relatively shorter fasting periods 


1 
Hours 


Fig. 3. 


the average final respiratory quotient was 0-78, with extremes of 
0-87 -0-71. Thus, from the point of view of respiratory quotient at the 
time the glycogen samples were taken, the two groups of animals are 
closely comparable. (Preliminary studies have suggested an approximate 
relationship between the level of liver glycogen and the post absorptive 
respiratory quotient of normal animals. Consequently, the fasting period 
of the control group was varied so that the range of respiratory quotient 
corresponded to the final respiratory quotients of the adrenaline animals.) 
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" Nevertheless, the average glycogen values for both liver and muscle of 
3 the adrenaline rabbits are much below those of the control group. 
Final Liver Muscle 
64 0-05-01 ll 0-78 2-5 0-02 
oe 61 0-05-0-1 ll 0-74 0-3 0-03 
27 0-05 11 0-78 29 
0-06 9 0- 0-8 0-02 
63 0-05-0-09 0-74 0-4 0-02 
18 0-03-0-08 10 0-77 3-7 
: 19 0-07 6 0-71 0-1 0-03 
57 0-07-0-22 ll 0-82 0-1 0-1 
32 0-04-0-06 9 0-87 2-2 0-1 
60 0-04-0-09 ll 0-72 0-2 0-05 
0-05-0-09 ll 0-73 0-5 0-03 
70 0-01-0-02 5 0-79 1-7 0-7 
| 65 003-006 6 0-82 15 0-1 
16 
ke 33 0-06 8 0-75 0-2 0-07 
66 0-03-0-05 4 0-74 0-7 0-3 
| 68 0-03 5 0-81 0-3 0-3 
20 0-04-0-06 4 0-79 1-4 0-4 
i 69 0-03 5 0-87 3-2 0-5 
Average of above 0-78 1-4 0-17 
Average of 19 controls 0-80 4-4 0-89 
Discussion. 


From other studies as well as from the present ones, it seems evident 
that if adrenaline be infused in quantity sufficient to produce a definite 
reaction, but without severe acidosis, a fall in respiratory quotient results. 
This fall becomes particularly significant when one considers that it 
occurs while the blood-sugar level is constantly above normal. Under 
normal circumstances it is generally acknowledged that a high blood 
sugar following a meal or an injection of glucose acts as a stimulus to 
carbohydrate combustion, being accompanied by a rise of the respiratory 
quotient towards unity. When, however, adrenaline is infused, even 
though the blood sugar remains as high as in a glucose infusion, never- 
theless the respiratory quotient falls to the level of predominating fat and 
protein metabolism. In this respect a sustained adrenaline infusion has 
certain similarities to removal of the pancreas, and to so-called starvation 
diabetes. 
ee The present experiments confirm the work of others in showing that : 
adrenaline lowers both liver and muscle glycogen [Cori, 1931]. The 
| extremely low values for liver glycogen found at the end of experiments : 
PH. LXXXV. 22 
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in which relatively small amounts of adrenaline were infused constantly 
over a period of several hours, cast doubt on the suggestion of Cori, 
Cori and Buchwald [1930] that the action of adrenaline is a biphasic 
one, first lowering but later raising liver glycogen. They confirm, how- 
ever, the results of Samson [1932], and Samson and Jacobs [1932], 
who found that continuous intravenous injection of adrenaline frees the 
liver of glycogen. Samson’s conclusion, that an increase in liver 
glycogen does not occur until the adrenaline effect subsides, is consistent 
with the present findings. Undoubtedly a subcutaneous injection of 
adrenaline, as used by Cori and Cori [1928], lowers muscle glycogen, 
with the production of lactic acid which is available for reconversion into 
glycogen in the liver. If, however, a constant state is maintained, the 
present experiments and those of Samson suggest that either (a) re- 
synthesis does not’ occur, or (5) if it does occur, it cannot keep pace with 
the simultaneous breakdown. The high liver glycogen values found several 
hours after subcutaneous injection might be explained as a result of 
insulin stimulation, or of recovery from the adrenaline effect, but not as 
due to the adrenaline per se. May not the action on glycogen of adrenaline 
per se be purely lytic? 
ConcLustions. | 

Continuous intravenous injection of adrenaline into unanesthetized 
rabbits causes a fall of respiratory quotient to the protein-fat level. 

The low values of both liver and muscle glycogen, found at the end 
of such experiments, suggest that the action of adrenaline on glycogen 
is a purely lytic one. 

The authors wish to record their grateful thanks to the late Prof. J. J. R. Macleod for 
his continued interest and guidance during the planning of the experiments. The work was 
aided by a grant from the Epilepsy Medical Research of Johns Hopkins University and a 
grant from the Medical Research Council to the late Prof. Macleod and Dr J. M. Peterson. 
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AN EFFECT OF CHOLINE UPON THE 
WEIGHTS OF YOUNG RATS. 


By E. W. McHENRY. 
(School of Hygiene, University of Toronto.) 
(Recewed July 19, 1935.) 


Tue results of a preliminary study carried out some months ago suggested 
a complementary relationship between the effects of vitamin B, and 
choline on the increase in weight of young rats. In a communication to 
the Physiological Society by Best, Huntsman, McHenry and Ridout 
[1935] reference was made to a favourable influence of choline on the 
gain in weight of young rats given large amounts of fat. These two 
preliminary observations warranted a more detailed study of this matter. 

Three series of observations have been made in each of which forty 
young albino rats were used. The animals in each series were of approxi- 
mately the same age, but there was an appreciable age difference between 
each series. The rats were secured from the Connaught Laboratories 
colony and were of the Wistar strain. These had been fed on a diet the 
basis of which was a commercial “balanced ration”. In each series the 
animals were divided into four equal groups which were fed as follows: 
(1) basal diet; (2) basal diet with vitamin B,; (3) basal diet with choline; 
(4) basal diet plus vitamin B, and choline. The food was furnished in 
weighed portions in small aluminium dishes and daily records were kept 
of food consumption. The rats were weighed three times weekly. They 
were kept in individual cages and were provided with a protected supply 
of drinking water. 

The basal diets used for the three series were somewhat different but — 
several essential principles were kept in mind in devising them. The 
amounts of vitamin B, and choline were kept as low as possible. Adequate 
amounts of protein, fat (except in one case in which fat was omitted), 
carbohydrate, vitamins A, B, and D, and a commonly used mixture of 
inorganic salts, McCollum’s number 185, were supplied. Dried egg- 
white, prepared in the laboratory, was used throughout the work as a 
source of vitamin B,. Vitamins A and D were supplied from a cod-liver 
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oil concentrate, prepared and biologically standardized by Ayerst, 
McKenna and Harrison. This firm also provided us with a standardized 
vitamin B, concentrate prepared by the method of Kinnersley and 
Peters [1928]. These two concentrates contained small quantities of 
choline but the amounts contributed to the diet by them were not 
significant. The choline content of each basal diet was determined and 
will be given later. Detailed accounts of the basal diets are included in the 
description of the results of each series of experiments. 


A, 
The rats employed were young, the average initial weights for the 


four groups being from 58 to 62 g. The basal diet was composed of the | 


Casein, B.D.H.fat-free ... ‘194 p.c. 


Dried egg-white  ...... 40 ,, 
Rice starch ... ,, 
Salt mixture ... 59 ,, 


This mixture contained 0-3 mg. of choline per 100 g. To every 2000 g. 
of the basal diet 300 mg. of cod-liver oil concentrate containing 500 
international units of vitamin A and 50 international units of vitamin D 
per mg. were added. The concentrate was dissolved in ether and this 
solution was mixed thoroughly with the food, which was then spread out 
in shallow trays and air dried to remove ether. In the groups receiving 
choline 5 mg. were added to each day’s ration. The required amount of an 
aqueoys solution of choline chloride was thoroughly mixed with the food. 
The animals receiving vitamin B, were supplied with 2 international 
units daily. 

Fig. 1 shows the curves secured by plotting the weights of each group, 
each point representing the average weight of ten animals. For a period 
of 18 days there was a fairly uniform increase in weight. By that time 
stores of vitamin B, and of available choline were presumably exhausted. 
Subsequently the curve for the basal group showed a flattening out, that 
for the basal plus choline group declined slowly and that for the basal plus 
vitamin B, group flattened out. Animals given both choline and vitamin 


B,, however, continued to increase in weight and the curve is markedly — 


different from those of the other groups. It is apparent that choline and 
vitamin B,, fed together, have a beneficial effect which is not observed 
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| when either is furnisbed alone. Rats in this fourth group presented a 
good appearance, resembling that of animals on an adequate diet. It is 
noteworthy that the rats in the two groups which did not receive choline 
exhibited a loss of hair and had reddened, swollen paws. They generally 
remained in a hunched position and showed muscular weakness. These 
' characteristics are similar to those described by Reader [1929, 1930a, 
19306] for rats receiving a diet deficient in vitamin B,. 


Time, days 
Fig. 1. 
SERIES B. 
| Bs For this series the animals were somewhat older, the average initial 
____ weights being between 76 and 78 g- The basal diet was modified by the 
‘. use of potato starch and sucrose in place of rice starch. mene, fat 
t was omitted. The following ingredients were used: 
.. .. 68, 


Sucrose 34:0 ,, 
Salt mixture ... 48 ,, 
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The amounts of cod-liver oil concentrate, vitamin B, and choline 


were the same as in series A. The choline content of the basal diet 
was found to be the same as that for the mixture previously used, 1.¢. 
0-3 mg./100 g. 

Fig. 2 gives the average weights of each group, and there is the same 
general relationship as noted in the previous series. In this case, however, 
the difference between the fourth group (basal plus vitamin B, plus 
choline) and the vitamin B, group is not so marked, although still 
appreciable. It seems possible, especially in view of more recent findings, 


Time, days 
Fig. 2. 


that older rats do not give the effect so strikingly. However, the same 
basal diet was not employed, and the change in the source of carbo- 
hydrate and the absence of fat may have been responsible. 


Series C. 


Because the complementary effect was less striking in series B than 
in A, it was decided to use rats for the next series appreciably older than 
those previously chosen. In this series the average initial weight was 
117 g. While the choline contents of the two basal diets used in the other 
series were low, it was believed that. that amount of “lipotropic” factor 
might be further reduced by using sucrose only as a source of carbo- 
hydrate. The total amount of choline in this basal. mixture was too small 
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to permit accurate determination. In this series fat was again used. 
The basal diet was made up as follows: | ee: 


Casein 15-0 p.c. 
Dried egg-white 50 ,, 
Sucrose 53-0 ,, 
Maize oil... 20-0 ,, 
Salt mixture ... 5:0 ,, 


Weight, g. 


12 16 20 4 
Time, days 


Fig. 3. 


The proportions of protein, carbohydrate and fat were approxi- 
mately the same in series A and C, and were, calculated as the percentage 
of total calories, 17, 45, and 38 respectively. This diet cannot be regarded 
as providing excessive amounts of fat but does contain, perhaps, more 
protein than is required. In this third series the quantities of supple- 
ments (vitamins A, D, B,, and choline) were again the same. 

In Fig. 3 the results of this series are presented. As might be expected 
if the assumption that older rats do not show so strikingly the com- 
plementary effect of choline and vitamin B, is true, the difference between 
the fully supplemented group and the group receiving only vitamin B, 
is not so marked as in the previous series but is again appreciable. In 
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this series the initial period, in this case about 14 days, during which all 
animals increased in weight was again observed. The general trend for 
each group is similar to that seen in the first two series. The apparent 
effect of choline in preventing the loss of hair and the swollen paws was 
noted in the second and third series as well as in the first. 


Discussion. 


The evidence presented from feeding experiments on 120 rats in- 
dicates clearly that choline and vitamin B, have a complementary effect 
on the gain in weight of young rats. These results provide no convincing 
evidence regarding the mechanism of production of this effect. At present 
it is not possible to state the actual difference in growth. Rats showing 
a decline in weight may have continued to grow, and the weight decline 
seen in groups not fully supplemented may be due to dehydration or to 
a decrease in the storage of food-stuffs. Inspection of the animals, 
however, indicates that there is a diminution in growth, since animals 
receiving the more incomplete diets were appreciably smaller. In further 
experiments accurate records of growth changes will be made. 

Published results of Best and associates [1934, 1935] have shown that 
choline has a definite effect upon the amount of fat in the liver and upon 
certain functions of this organ. The results presented here offer a further 
basis for the suggestion made by these authors that choline, and perhaps 
other related “‘lipotropic” substances, are accessory food factors. 

The production of the characteristic appearance in rats on the diets 
low in choline is interesting in view of the similarity of the signs to those 
of vitamin B, deficiency. Since the materials commonly used as a source 
of the vitamin B complex are rich in choline, ¢.g. yeast, wheat germ, etc.., 


it is possible that some of the results attributed to a deficiency of a con- 


stituent of the complex may result from a lack of choline. 

In a recent repetition of the work described above using crystalline 
vitamin B,, kindly furnished by Merck and Co., Incorporated, results in 
general agreement with previous ones were secured. These results are 
not included at the present time but in a continuation of this work 
the crystalline material will be used and it is hoped that this will aid in 
clarifying the situation. 

SUMMARY. 


In feeding experiments on 120 young rats it has been found that a 
diet low in choline and vitamin B, results in a failure to increase in weight 
after an initial period of about 2 weeks. The addition of either choline or 
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vitamin B, to this diet does not cause a continued increase in weight. 
However, when choline and vitamin B, are supplied together the weights 
continue to increase. This complementary effect appears to be lessened 
when older rats are employed. Rats which do not receive choline develop 
an appearance which is similar to that which has been attributed to a 
deficiency of vitamin B,. 


of Prof C, H. Best. Miss Lillian 
Barber rendered valuable technical assistance. 
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THE RESPONSE OF VAGOTOMIZED ANIMALS 
TO RESPIRATORY RESISTANCE. 


By M. TIITSO. 
(From the Institute of Physiology, University of Tartu.) 


(Received July 23, 1985.) 


THE Seis and dein respiration which follows double vagotomy produces 
no marked changes in the total pulmonary ventilation and is quite 
adequate to carry on a proper aeration of the blood. Experimental 
evidence shows, however, that this holds true only in circumstances where 
the respiratory mechanism is not subjected to unusual strain. Scott 
[1908] proved that the adaptive power of vagotomized animals to changes 
in the composition of the inspired air is much inferior to that of normal 

ones, Normal animals reacted to an increase of the carbon dioxide 
- content in the inspired air by an increased depth of respiration and 
by an increased rhythm. Similar results were obtained by greatly 
reducing the oxygen content of the inspired air. When, however, the vagi 
were divided, corresponding changes in the inspired air were followed only 
by an increased depth of respiration, whereas the rhythm of respiration 
remained unchanged. The control of the rhythm is completely lost as 
the result of double vagotomy, and the respiratory centre beats with its 
own inherent rhythm in all circumstances. 

According to Davies, Haldane and Priestley [1919] respiration, 
after a resistance has been thrown in, is slowed down for mechanical 
reasons. The resulting gradual rise in alveolar carbon dioxide pressure 
causes a corresponding increase in the depth of each respiration. There- 
fore, any agency which obstructs the passage of air causes respiration to 
be slower and deeper. When, however, the resistance is excessive, the 
phase of slowing and deepening of breathing is followed by a phase in 


which the rate of breathing increases and the depth diminishes. This. 


phase is explained as being due to fatigue of the respiratory centre, 
which reacts in an exaggerated way to the Hering-Breuer reflex. 
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RESPIRATION IN VAGOTOMIZED ANIMALS. 351 
Since every resistance to the air passage causes a slowing and 


deepening of the respiration, Sharpey-Schafer[1919, 1932] propounded 


the view that the slow respiratory rhythm which develops after double 
cervical vagotomy is a result of the obstruction of the air passage due to 
the collapse of the vocal cords. This interpretation is, however, not 
supported by the recent experiments of Anrep and Samaan [1932]. 
According to the accumulated evidence, one should expect that an 
increased respiratory resistance would produce a further aggravation of 
the respiratory changes which are observed in vagotomized animals. The 
present communication, however, présents experiments demonstrating 
that the effect of vagotomy is usually reduced as a result of increased 


respiratory resistance. 
MerTHop. 


_ The experiments were made on cats and rabbits, which were tracheoto- 
mized and then placed in an airtight box. The tracheal tube was joined 
by a rubber connection to an outlet tube in the wall of the box by which 
the animal breathed the outside air. To increase the respiratory resistance 
capillary tubes with different bores were connected by rubber tubing 
with the outlet tube. The vagotomized animals were used for experiments 
I hour after the section of both vagi. The respiratory volume changes of 
the animal were traced by a volume recorder connected with the interior 
of the box. Urethane was employed as anesthetic. 


RESULTS. 


Cats. After division of both vagi the respiration of cats slowed down 
with the appearance of pronounced inspiratory standstills. On increasing 
the respiratory resistance by the use of capillary tubes with a length of 
5 cm. and successively smaller bores, no changes of respiration were 
observed till a bore of 2 mm. was reached. In this case the respiratory 
ventilation of normal, as well as of vagotomized, cats was still kept to the 
previous level. Cats with vagi intact failed to show any appreciable 
change in their respiration, whereas some of the vagotomized cats 
reacted with an increase of their respiratory rate and a corresponding 
diminution of the depth of each respiration. A further increase of the 
respiratory resistance by applying a tube with a bore of 1-5 mm. resulted 
in more pronounced respiratory changes of the vagotomized animals. 
Eight out of the fifteen cats reacted with a very marked increase of their 
respiratory rhythm and with complete disappearance of the inspiratory 
standstills.. In the experiment represented by Fig. 1, the double vago- 
tomy was followed by a slow respiration with pronounced and frequently 
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occurring inspiratory standstills, The respiratory rate was 17 per minute, 
while the depth of each respiration was 42 c.c. with a resulting ventilation 
of 714 c.c. per minute. At the end of an inspiration the resistance was 
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Fig. 1b. 


Fig. 1. a, respiration of a vagotomized cat before and during an increased respiratory 
resistance. At the moment indicated by the arrow the tracheal tube of the animal was 
connected with a capillary tube of 1-5 mm. bore. Disappearance of the inspiratory 


same cat after breathing 5 min. against the resistance. 


put in. The following expiration was cut short and the depth of each 
respiration was greatly diminished. The effect of this was evidently a 
decrease of the pulmonary ventilation. The increased respiratory stimulus 


standstills and gradual quickening of the rate of respiration results. b, record from the 
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set up thereby resulted in the gradually increasing depth of each re- 
spiration and a pronounced quickening of the respiratory rate. The 
respiration stabilized after 2-3 min. at a rate of 26 per minute and a 
depth of 27 c.c. The resulting ventilation of 702 c.c. per minute was up 
to the previous level. 

Another similar case is illustrated by Fig. 2. Five cats reacted with a 
smaller quickening of their respiratory rate amounting to 2-4 times per 
minute, while two cats showed no changes in their respiratory rate. In 
every case, however, the increased respiratory resistance was followed by 
a decrease of the depth of each respiration. The application of a respira- 
tory resistance was never followed in vagotomized animals by. an 


Fig.2a, Fig. 26. 

Fig. 2. a, respiration of a vagotomized cat. Inspiratory standstills, rate per minute 18; 
depth of each respiration 48 c.c.; ventilation per minute 864 c.c. 6, record from the 
same cat after breathing 10 min. against a tube of 1-5 mm. bore. Rate per minute 28, 
depth of each respiration 32 c.c.; ventilation per minute 896 c.c. 


additional slowing down and deepening of the respiration. Cats which 
reacted with a marked increase of their respiratory rate kept their 
respiratory volumes up to the level observed before the application of the 
resistance, whereas the other cats showed a decrease of their pulmonary 
ventilation amounting to 10-20 p.c. of the initial value. 

Cats with vagi intact reacted to the same respiratory resistance with 
a moderate slowing of the respiratory rate, and only in a few cases with 
& pronounced increase of the depth of each respiration. The respiratory 
volumes were in all cases 10-20 p.c. lower as compared with the values 
during unrestricted respiration. The adaptive power of respiration to 
increased respiratory resistance is therefore not lowered as a result of 
double vagotomy. 

Rabbits. The same experiments were performed on rabbits. The first 
marked changes of respiration appeared only while the animals were 
breathing against a tube of 1-5 mm. bore. In this case all of the ten 
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rabbits with vagi intact reacted with a slowing down of the respiratory 
rate and an increased depth of each respiratory volume, whereas after 
section of both vagi the same animals reacted with an acceleration of their 
respiratory rate and a diminished depth of each — The average 
figures are as follows: 


Normal rabbits Vagotomized rabbits 
Respiration Respiration 
Free against Free. against 
respiration resistance respiration resistance 
Rate 61-5 51:3 31-0 39-0 
110 12-8 27-5 20:2 
Ventilation c.c 676-0 657-0 852-0 788-0 


It is evident that an increased respiratory resistance results in a 
diminution of the respiratory differences observed —. normal and 
-vagotomized animals. 
, The above-cited experiments of Scott [1908] showed that animals 
_ deprived of afferent vagal influences react to an increased chemical 
. stimulus only by an increased depth of respiration, while they were 
‘unable to change their respiratory rhythm. The experiments here 
- described show that an increased strain on the respiratory muscles com- 
» bined with an initial defective ventilation, following a sudden increase of 
respiratory resistance, modifies the respiration of vagotomized animals 
in a quite different way. Afferent impulses arising in the respiratory 
muscles are therefore able under certain circumstances to modify the 
efferent impulses from the respiratory centre. Baglioni [1902] by an 
ingenious experiment was able to demonstrate that proprioceptive 
afferent impulses transmitted by the phrenic nerves were able to produce 
a reversal of respiratory movements. It is probable that the changes of 
respiration caused in vagotomized animals by increased respiratory re- 
sistances are caused by a similar mechanism. Sharpey-Schafer [1932] 
emphasizes the fact that section of both vagi is not followed in all animals 
by a slowing down of the respiration, neither is such a slowing, if any, in 
every case permanent. He therefore concludes that besides the vagal 
regulating mechanism described by Hering and Breuer, there exists a 
proprioceptive mechanism which, after section of both vagi, is able to 
carry on an appropriate regulation of the respiratory movements. The 
increase of the respiratory rate and the disappearance of inspiratory 
standstills, caused in vagotomized animals by an increase of the re- 
spiratory resistance, make it probable that the unusually increased strain 
on the respiratory muscles evokes the — me- 
chanism even in freshly vagotomized animals. 
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SuMMARY. 


1, Vagotomized animals respond to an increase of respiratory resist- 
ance by an increase of the respiratory rate, disappearance of respiratory 
standstills, and a decrease in the depth of each respiration. 

2. The adaptive power of respiration to increased respiratory resist- 
ance as measured by the rate of ospeivebd ventilation is not lowered 2 as 
a result of double vagotomy. . 

3. It is suggested that the rhythm of the respiratory oman. can be 


changed by afferent impulses areing in the respiratory muscles. 
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CHOLINE AND LIVER RESPIRATION. 
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Ir is now known that the amount of choline in the diet is a factor which 
determines the fat content of the liver, and indeed it has been suggested 
that choline is an essential dietary constituent, a certain minimum intake 
being necessary to maintain the liver fat at its normal level. 

The part played by choline in the control of the liver fat has been 
established by Best and his colleagues, These workers showed that the 
fatty liver produced in rats by feeding a diet containing 40 p.c. of neutral 
fat could be cured by the addition of choline to this diet, or if the choline 
was given with the high fat diet from the start the development of a fatty 
liver was completely prevented [Best and Huntsman, 1932]. It was 
also shown that rats on a diet containing 1 p.c. of cholesterol developed 
a fatty liver which could likewise be prevented or cured by choline [Best 
and Ridout, 1933]. The amount of choline required to prevent or cure 
these fatty livers was about 100 mg. per rat per day. A normal stock diet 
for rats (mixed grains) contains about 0-1 p.c. of choline, which provides 
a daily intake of about 10 mg., and apparently this choline in the normal 
diet is essential for the maintenance of the normal level of liver fat, for 
it has been shown that normal rats fed on a diet deficient in choline but 
adequate in all other respects develop a fatty liver [Best, Huntsman, 
McHenry and Ridout, 1935]. It is also believed that the fatty liver 
| which develops in the early stages of starvation is due to lack of choline 
: [Best and Huntsman, 1935]. One further point has been elucidated, 

| namely, that it is principally the “neutral fat” fraction of the total liver 
lipoids which is increased in the fatty livers and decreased by choline 
[Best, Channon and Ridout, 1934]. It would seem, therefore, that the 
“neutral fat” content of the normal liver is at least to some extent deter- 
mined by the choline content of the normal diet. 
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Exactly how choline produces these effects is, as yet, unknown, but 
there appear to be at any rate four possible ways in which the choline 
might act, namely, 

(1) By decreasing the absorption of fat from the intestine. 

(2) By accelerating the transport of fat from the liver to the tissues. 

(3) By accelerating the oxidation of fat in the tissues generally. 

(4) By accelerating the oxidation of fat in the liver. 

The first of these has been eliminated by the observation that choline 
given to rats on a 40 p.c. fat diet caused no increase in the fecal excretion 
of fat. The second is rendered unlikely, but not disproved, by the fact 
that choline given to animals with fatty livers caused no demonstrable 
change in the fat content of other parts of the body. There is also evidence 
against the third possibility, for in starvation and on choline-deficient 
diets fat accumulates in the liver only and not in other parts of the body. 

This leaves the possibility that choline increases the rate of fat 
oxidation in the liver. The primary object of this research was to prove 
or disprove this supposition by investigating the influence of choline on 
the oxygen uptake of normal rat liver slices in manometers. The in- 
vestigation has only been concerned with the effect of choline on the 
metabolism of the normal liver; the problem of the fatty liver has not 
yet been approached. 


(i) E¥FEctT OF CHOLINE ON THE OXYGEN CONSUMPTION OF 
RAT LIVER SLICES. 


Method. A “direct” manometric method was used because only by 
this means could the rate of oxygen uptake both before and after the 
addition of choline be determined on one and the same liver slice. The 
more elegant “indirect” methods have the disadvantage that the course 
of the oxygen uptake cannot be followed during the experiment, and 
therefore the use of an “indirect” method would have entailed the per- 
formance of two parallel experiments on slices from the same liver, one 
with and one without choline, and also the assumption that the initial 
respiration rates of the two lots of slices were the same. Inasmuch as 
preliminary experiments showed in some cases a considerable difference 
between the normal oxygen uptake rates of two sets of slices from the 
_ game liver it was decided that the error thus introduced would far out- 

__ weigh the advantage of using a bicarbonate buffered medium. 

_ The oxygen uptake was measured in differential manometers of the 

Barcroft-Dixon type, and the rules with regard to CO, absorption, 
PH. LXXXV. 23 
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rate of shaking, etc., laid down by Dixon and Elliot [1930], were 


strictly observed. The experiments were performed at 38°C. in pure 
oxygen, and the medium used consisted of 4 parts “Ringer without 
bicarbonate” and 1 part phosphate buffer pH 7-4. Each vessel contained 


initially 3 c.c. of medium, and provision was made for the addition of 


0-1 c.c. of choline solution during the course of the experiment. In the 
earlier experiments this was effected by tipping choline solution from a 
side bulb into the main vessel, while in the later experiments the choline 
solution was placed in a K eilin cup hooked on to the inset tube and at 
the appropriate time the cup was displaced into the medium by a sharp 
shake of the manometer. In most of the experiments choline was added 
to both the right- and left-hand flasks simultaneously, but in a few 
experiments the choline was added to the right-hand (tissue) flask only ; 
the results were the same in both cases. The choline was used as the 
Chloride (B.D.H.), a stock 30 p.c. solution was made up, and for each 
experiment a certain dilution of the stock solution was made such that 
0-1 ¢.c. when added to 3 c.c. of medium gave the required final con- 
centration in the flask. 

The rats were killed by a blow on the head and were then bled so as to 
drain most of the blood from the liver. The liver was immediately removed 
and slices cut with a razor moistened with liver juice only. The slices cut 
this way were quite satisfactory in respect of uniformity and thinness 
(0-3 mm.), though the actual cutting was rather more difficult than in the 
orthodox method of using a razor freely moistened with saline. The 
slices as cut were placed in a special receptacle designed to prevent drying; 
this consisted of a very small flat dish which received the slices set in the 
middle of a Petri dish, most of the remaining space in the Petri dish 
being filled with cotton wool saturated with water. The lid of the Petri 
dish was only removed while slices were actually being transferred. 
Slices were then rapidly weighed out on a torsion balance and transferred 
to the flasks. 

In all the experiments described in this paper the fresh weight has 
been the basis upon which the metabolism has been calculated. It is 
considered that in the case of the liver the fresh weight of the slices at 
the beginning of an experiment is a more accurate index of the amount 
of tissue used than the dry weight at the end of the experiment, because 
during the experiment, apart from the inevitable slight disintegration on 
shaking, most of the fat and glycogen escape into the medium and are 
easily demonstrable therein. Gemmill and Holmes [1935] have de- 
scribed the accumulation of fat on the sides of the manometer flask when 
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fatty liver slices are used, and I have noticed the same thing in lesser 
degree with normal liver slices. 

The slices were allowed to respire normally for about half an hour, 
during which time the normal oxygen uptake was measured. The choline 
was then added and the oxygen uptake followed for a further hour. 
Control experiments without choline showed that the oxygen uptake 
_remained steady for an hour and a half at least, usually for 2 hours, and 
that the addition of 0-1 c.c. saline was without effect. 


CHOLINE 
60 80 100 40 
Minutes 


Fig. 1. Effect of choline, 0-12 p.c., on oxygen consumption of liver slices. Exp. 14 B. 


degen. It: was found that choline in concentrations of 0-012 p.c. and 
upwards increased the oxygen consumption of liver slices. Immediately 
after the addition of choline the oxygen consumption rose sharply, but 
during the first 10 min. or so it fell off again somewhat until by the end 
of the first 15 min. it had settled down to a new high level which was 
maintained quite constant for an hour or more. Fig. 1 shows a typical 
experiment. 

A range of choline concentrations extending from 0-0012 to 2:3 p.c. 
was investigated, and all the experiments done are listed in Table I. It 
will be seen that the percentage increase in oxygen consumption caused 
by a given concentration of choline varies considerably, not only from 
liver to liver, but also even in slices from the same liver showing good 
agreement in their initial oxygen consumptions. However, if for each 
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particular concentration of choline the average of all experiments done 

at that concentration is taken a curve may be constructed as in Fig. 2. 
: These results seemed to admit of two interpretations: either that 
choline was accelerating some normal oxidation in the liver, probably 
the oxidation of fat since it is believed that the normal oxygen con- 
sumption of liver slices is due chiefly to the oxidation of fat; or that 


” 


L i i 1 

Choline p.c. 

Fig. 2. Liver slices. Relation between concentration of choline and percentage increase in 


oxygen consumption. © individual experiments, « averages. Note. One point, 232 p.c. 
at 2-3 p.c. choline, is not shown. 


_ choline itself was being oxidized by the liver slices.. The known facts 
concerning the influence of choline on the amount of fat in the liver 
strongly supported the first interpretation, for this would explain the 
action of choline in preventing and curing certain types of fatty liver; 
but on the other hand, the claim of Bernheim and Bernheim [1933] 
that acetylcholine is oxidized by liver pulp in vitro and the demonstration 
by Guggenheim and Léffler [1916] that choline partly disappears 
from fluid perfused through an isolated liver, suggested that the oxidation 
of choline by liver slices was the correct interpretation. 


as @ 


: 
¥ 
2 
= 
‘3 15€ 
fey 
4 
° 
P 
90 ° 
° 
= 
a - 8 
: 
as 
i 
= 
70 
on 


CHOLINE AND LIVER RESPIRATION. 361 


The rest of this paper concerns itself largely with various attempts to 
~ settle this point, but as will be shown later the issue is more complex 
has been suggested. 
results in Table I. 


= Tastx I. Oxygen consumption of liver slices. 
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(1) It was found that the total volume of “extra oxygen” consumed 
during any experiment was always very much less than the theoretical 
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volume required for the oxidation of all the choline present, even 
assuming that each molecule of choline takes only one atom of oxygen. 

(2) It has already been mentioned that the percentage increase in 
oxygen consumption caused by a given concentration of choline varies 


considerably in parallel experiments. Now if it were choline that was 


being oxidized one would expect that the difference between the rate of 
oxygen consumption before and after adding choline would for a given 
concentration of choline be more or less constant, whereas the percentage 
increase, depending as it does on the initial rate, would not be so con- 
stant, a higher initial rate giving a lower percentage increase and vice 
versa. Table I shows that the “additional oxygen uptake” is no more 
constant than the percentage increase, and therefore no conclusions can 
be drawn. | 

(3) The presence of added fatty acid (sodium butyrate 0-02 M/) in 
the medium caused a higher initial oxygen consumption but the choline 
effect, was unaltered; these experiments are listed at the foot of Table I. 
The presence of added glucose in the medium was without effect. 


(ii) E¥FEcT OF CHOLINE ON THE OXYGEN CONSUMPTION OF SOME 
OTHER ORGANS. 

In order to determine whether or not the choline effect was confined 
to the liver similar experiments were performed on slices from certain 
other organs using choline concentrations known to have a marked effect 
on liver slices. The results are shown in Table IT. The effect of choline on 
the oxygen consumption of kidney slices was qualitatively exactly the 
same as on liver slices, but for a given concentration of choline the effect 


Tasie II. Oxygen consumption of some other organs. 


consum 
Exp. Choline p.c. Normal Aftercholine p.c. change 
Kidney 19 A 0-59 4158 442) + 7 
19B 3377 3934 +16 
20 B 2-3 2318 2695 +16 
Spleen . 22 A 0-012 1164 1013 -13 
21A 0-59 1421 — 32 
21B 2-3 1334 694 — 48 
22B 2-3 1250 - 48 
24A 2:3 1603 918 
24B 2-3 1348 809 — 40 
Cardiac muscle 26 A 0-59 326 280 ~14 
26 B 2-3 563 212 — 62 
27A 2-3 639 319 -50 
25 A 0-59 2138 | 2138 0 
25 B 2:3 1488 1488 0 
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Fig. 3. Effect of choline, 0-59 p.c., on oxygen consumption of kidney slices. Exp. 19 B. 


c.mm, oxygen 
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Minutes 


120 140 


Fig. 4. Effect of choline, 2-3 p.c., on oxygen consumption of spleen slices. ‘Exp. 21 
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was considerably less (Fig. 3). In the case of brain slices there was 
absolutely no change even with high choline concentrations. In the case 
of spleen and cardiac muscle, however, a new phenomenon appeared, 
namely a marked inhibition of respiration by choline (Figs. 4, 5). Here, 
obviously, was a problem of some complexity, the analysis of which 
has been postponed, and all further investigation has been confined to 
the liver. 


(iii) Errrct OF CHOLINE ON THE OXYGEN CONSUMPTION OF 
LIVER PULP AND LIVER EXTRACT. 


Quastel and Wheatley [1933] have shown that the mincing of 
liver destroys its ability to oxidize added fatty acids. If, therefore, it 
could be shown that choline increases the oxygen consumption of liver 
pulp, then the effect could hardly be due to an increase in fat oxidation. 
Further, if choline oxidation does in fact occur a “choline oxidase” 
might be demonstrable in a watery extract of ground liver. The following 
experiments were, therefore, performed. ; 

(a) Liver pulp. The pulp was prepared by pressing pieces of liver 
through a piece of wire gauze of 1 mm. mesh. Portions of pulp were 
weighed out on a small dish, transferred to the flasks and treated as the 
liver slices. For a given concentration of choline the percentage increase 
in oxygen consumption was three to four times that obtained with slices 
(Table III), probably because the initial oxygen consumption of liver 


Taste III. Oxygen consumption of liver pulp. 


Oxygen consumption oxygen con- 
c.mm./g./hour sumption 
Choline After choline 
Exp. p.c Normal choline increase c.mm./g./hour 
Liver 41 1-7 438 1647 276 1209 
pulp 80 B 1-0 845 3030 260 2185 
Washed 43 A 0-013 44 90 104 — 
; 140 84 64 
| 0-013 112 178 59 | 
42A 1-7 300 2800 800 — 


pulp is only about one-third that of slices, for the actual additional 
oxygen consumption due to the choline is of about the same order in 
both. This would be in favour of choline oxidation. 

_ (6) Washed liver pulp. About 1 g. of the pulp was placed in a mortar 
and ground with sand. 10c.c. of Ringer’s solution were then stirred in. The 
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suspension of liver pulp was poured off the sand and centrifuged at high 
speed for 20 min. The supernatant fluid (“liver extract”) was removed 
and the remaining deposit used for the experiments. With the washed 
pulp the percentage increase in oxygen consumption caused by choline 
was about ten times that obtained with slices, again probably because the 
initial oxygen consumption of washed pulp is extremely low. The actual 
additional oxygen uptake due to choline appeared to be somewhat less 
than in the case of slices or ordinary pulp, but the centrifuged deposit of 
washed pulp probably contains more water than fresh liver and the two 
are not comparable. 


150}- 
50r 
20 40 60 80 100 120 140 
Minutes 
Fig. 6. Effect of 0-4 mg. of 
Exp. 44 A. 


Since the initial oxygen consumption was so low it was possible to 
use a large amount of tissue (700 mg.) and so get a large increase in 
oxygen consumption with small choline concentrations (0-013 p.c.). The 
increase in oxygen consumption was then, however, very short-lived; 
after 20 min. or so the rate of oxygen uptake had returned to its initial 
level (Fig. 6). This type of result was obtained by Bernheim and 
Bernheim [1933], using acetylcholine iodide and rat liver pulp. If this 
transitory increase in oxygen consumption is due to the oxidation of 
choline, as it almost certainly is, then the vertical distance AB (Fig. 6) 
measured on the oxygen scale gives the volume of oxygen consumed in 
the oxidation of all the choline added, and furthermore this volume 
should be constant and independent of the amount of tissue used. Table IV 
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on addition of 0-4 mg. choline chloride. 


Weight of Additional 


Exp pulp (mg.) oxygen (c.mm.) 
43 30 
44A 509 47 
44B 107 51 
46 500 28 
47 A 416 36 
47B 820 35 


shows the values obtained in six experiments in which exactly 0-4 mg. 
choline chloride was added to varying weights of washed liver pulp. 
Now supposing that each molecule of choline requires 1 atom of oxygen, 
then the theoretical volume of oxygen necessary for the oxidation of 
0-4 mg. of choline chloride can be calculated to be 32 c.mm. The values 
listed in Table IV show fairly close agreement with this theoretical 
figure, except in the case of Exp. 44, and therefore if Exp. 44 be neglected 
the indication is that oxidation occurs with the utilization of 1 atom of 
oxygen for each molecule of choline. Bernheim and Bernheim [1933], 
using the method of two parallel experiments, one with acetylcholine 
and one without, claim that the choline fraction of acetylcholine is 
oxidized by liver pulp with the consumption of 14 atoms of oxygen per 
molecule. In view of Exp. 44 I cannot rightly dispute their claims as to 
the 1} atoms, but the main conclusion stands, namely, that choline is 
oxidized by liver pulp. Incidentally Bernheim and Bernheim give 
no proof that the acetyl group was not oxidized in their experiments. 
The chemical path of choline breakdown is not known, but apparently 
trimethylamine is one of the end products, for Toda [1934] has shown 
that if choline is added to a suspension of liver pulp trimethylamine 
appears in the medium. Presumably, therefore, the choline is split into — 
trimethylamine and glycol and the glycol is then oxidized. 

(c) Inver extract. A cell-free watery extract of liver prepared as 
described under (b) above showed a small oxygen consumption and this 
was uninfluenced by choline. 

The conclusions to be drawn are that choline is oxidized by liver 
pulp probably with the consumption of 1 atom of oxygen per molecule 
of choline, and that the oxidation system involved cannot be extracted 
with saline, it remains behind in the washed pulp. 
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(iv) Errect OF CHOLINE ON THE ACETOACETIC ACID 
PRODUCTION OF LIVER SLICES. | 


Although it seems fairly certain that the increase in oxygen con- 
sumption observed with liver pulp is entirely due to the oxidation of 
choline, in the case of liver slices there is no such proof. Undoubtedly 
choline oxidation plays a part, but in addition there still remains the 
possibility of an acceleration of fat oxidation. Quastel and Wheatley 
[1933] have shown that the oxidation of fatty acids by liver slices does 
not proceed beyond the acetoacetic acid stage, and that an increase in 
the rate of fat oxidation is proportional to the acetoacetic acid pro- 
duction of the slices. Accordingly the acetoacetic acid production of 
liver slices was measured. T'wo parallel experiments were performed on 
slices from the same liver, in the one (control) the medium was Ringer- 
phosphate and in the other Ringer-phosphate to which a certain amount 
of choline had been added before the start of the experiment. The oxygen 
uptake was measured, usually for about 2 hours. The slices were then 
removed and 2-5 c.c. of the medium taken for the estimation of aceto- 
acetic acid by the manometric method of Quasteland Wheatley [1933]. 
It was found that this method is subject to a certain “zero error”, for 
the addition of 0-1g. aniline hydrochloride to 3-5c.c. of saline in a 
manometer flask results in a slight decrease in the total volume of the 
contents of the flask. In nine experiments the average contraction was 
4-7 c.mm., max. 5-18, min. 3-86. Therefore either 0-1 g. aniline hydro- 
chloride must be added to both sides of the manometer or else a blank 
correction of 4-7 c.mm. must be added to the final volumes measured. 
I used the latter method. The volume contraction is due to the “solution — 
contraction” of aniline hydrochloride, direct determination of which by 
a physical method gave values approximating to 4-7 c.mm. 

In the first experiments a high concentration of choline (2-3 p.c.) 
was employed in order to secure a maximal effect. The control experi- 
ments without choline gave a figure for the acetoacetic acid production 
agreeing with those obtained by Quastel and Wheatley [1933], but in 
the experiments in which choline had been present from the start it was — 
found that there was no acetoacetic acid at all in the medium at the end 
of the experiment (Table V). This result was confirmed by experiments 
in which the nitroprusside test was applied to the medium (Table V), 
and further by using a standard solution of acetoacetic acid it was deter- 
mined that the presence of 2-3 p.c. choline did not interfere with the 
estimation of acetoacetic acid by either the manometric method or the 
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Taste V. Effect of choline on acetoacetic acid production of liver slices. 
Duration of Acetoacetic 


Choline Weight of ~~ 

Exp. p.c. (mg.) min.) c.mm. CO,/g./hour 

32 146 14] . 

33 A — 122-5 117 180 

33 B —_ 135 114 158 

34 A 121-3 100 81 

97:8 97 0 

35.A 185 106 116 

35 B 2:3 1915 105 0 

Total 
oxygen 
Choline uptake Nitroprusside 

Exp. Medium p.c. (c.mm.) test 
56 A) 445 ++ + 
56 By Ringer-phosphate 23 420 + 
BTA 365 +++ 
87 Ringer- 23 325 ++ 
59 A butyrate 166 
59 2-3 372 + 


: ate ri reading after 20 min. 
nitroprusside test. Therefore choline stops the normal accumulation of 
_ acetoacetic acid in the medium either by inhibiting the production of 
acetoacetic acid, that is by inhibiting fat oxidation in the slices, or by 
destroying the acetoacetic acid as fast as it was formed. In order to 
decide which of these two processes was occurring, two parallel experi- 
ments, A and B, were performed on liver slices; in Exp. A respiration 
was allowed to proceed normally until a certain predetermined volume 
of oxygen (x c.mm.) had been taken up, and as soon as the required 
manometer reading was reached the slices were removed and the medium 
set aside for acetoacetic acid estimation. In Exp. B respiration was again 
allowed to proceed normally until exactly x c.mm. of oxygen had been 
taken up; at this point choline was added from a hanging cup and re- 
spiration allowed to continue for a variable period of time, after which 
the slices were removed and the medium taken for acetoacetic acid 
estimation. The two experiments were performed simultaneously on 
slices from the same liver and the value of « was decided upon after the 
experiment had begun as the volume of oxygen which it appeared likely 
that B would consume in an hour. The final concentration of choline in B 
was 1-0 p.c. Now in Exp. B at the moment when the choline was added 


the medium should theoretically have contained the same amount of — 


acetoacetic acid as the medium from Exp. A, since both have consumed 
the same volume of oxygen; therefore the acetoacetic acid content of 
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slices in a medium containing 0-02 M added fatty acid, the initial aceto- 
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medium A may be taken as representing the acetoacetic acid content of 
medium B at the moment of addition of choline. This being so, the deter- 


: mination of the actual acetoacetic acid content of medium B at the end 


of a further period of respiration should show whether the amount of 
acetoacetic acid present increases, decreases or remains the same during 
the period when choline is present. If choline destroys acetoacetic acid 
the acetoacetic acid content should decrease during this period, but if 
choline inhibits fat oxidation the acetoacetic acid content should remain 
unchanged, or possibly increase slightly if inhibition is not complete. 
The results of three such experiments with 1 p.c: choline are shown in 
Table VI, and it may be seen that in each case the acetoacetic acid 


Taste VI. For explanation see text. 


Exp (c.mm.) choline (min.) c.mm, COQ, 
62 A 280 27:3 
62 B 10 23-6 
63 A 290 — 34-1 
63 B 10 30:5 
66 A 220 — 27-4 
66 B _ 50 29-2 


content remained practically unchanged during the period of choline 
action. In Exp. 66 the choline was allowed to act for 50 min., and even 
during this time there was no significant change in the amount of aceto- 
acetic acid present. The conclusion drawn from these results is that in . 
liver slice experiments choline does not cause any disappearance of | 


- aeetoacetic acid already present in the medium, but it inhibits the pro- 


duction of acetoacetic acid by the slices, and further in a choline con- 
centration of 1-0 p.c. the inhibition is practically complete. 

The exact origin of the acetoacetic acid produced by liver slices is not 
known; almost without doubt most of it comes from fatty acids, but it is 
also likely that a certain proportion is derived from amino acids. In the 
presence of this uncertainty therefore the fact that choline inhibits the 
production of acetoacetic acid cannot be taken as rigid proof that choline 
inhibits fat oxidation in the liver. It is known, however, that by the 
addition to the medium of fatty acids in a concentration of about 0-02 M 
the acetoacetic acid production can be increased four or five times, and 
under these conditions clearly the acetoacetic acid must be almost en- 
tirely derived from fatty acids. Now in experiments performed on liver 


acetic acid production was of course much higher, yet addition of choline 
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showed the same inhibitory action, though a higher concentration was 
needed to secure complete inhibition. This seems to be good evidence 
that choline does in fact inhibit the rate of fat oxidation in the liver. The 
final proof could only be obtained by measuring the rate of disappearance 
of fat from the contents of the manometer flask, but the amount of fat 
which disappears in the course of 2 hours is so small that the existing 
methods of fat estimation would be unable to detect it. 

Having thus proved that choline does in fact inhibit the acetoacetic 
acid production of liver slices, the next step was to establish a relationship 
between concentration of choline and the degree of inhibition produced. 


For this purpose experiments of the following type were employed; six 


parallel experiments were performed on slices from the same liver, using 
a different concentration of choline in each experiment, so that a range 
of six different choline concentrations could be investigated on one and 
the same liver. In these experiments both the respiration and the 
acetoacetic acid determinations were carried out in Warburg mano- 
meters. By means of experiments of this kind a range of choline con- 
centrations from 0-01 to 1-0 p.c. was explored, and the results obtained 
are shown in Table VII. The general conclusion to be drawn from the 
table is that over the range 0-01-1-0 p.c. choline the acetoacetic acid 
production varies inversely as the choline concentration, and this is 
borne out by Fig. 7 which shows the percentage inhibition of acetoacetic 
acid production produced by the different choline concentrations. It is 
to be noted, however, that in individual experiments discrepancies occur, 
one point often falling markedly off the curve. A very careful investi- 
gation of the possible experimental errors, notably those involved in the 
weighing of the slices, in the making up of the choline solution, and in 
the manometric determination of acetoacetic acid, showed that these 
errors neither singly nor collectively could account for the discrepancies 
referred to, and it would seem, therefore, that they must be due to a 
difference in behaviour of different parts of the same liver. 

If the decreased acetoacetic acid production is to be interpreted as an 
inhibition by choline of fat oxidation then this factor will enter into the 
interpretation of the results described at the beginning of this paper on 
the influence of choline on the oxygen uptake of liver slices, for it is 
generally agreed that the normal oxygen uptake of liver slices is largely 
due to fat oxidation. It may thus be argued that the increase in oxygen 
consumption due to the oxidation of choline itself must in some measure 
be counterbalanced by a decrease in oxygen consumption due to in- 
hibition of the normal fat oxidation, and that the observed course of the 
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Taste VII. Acetoacetic acid production of liver slices in presence of 0-02 M 
sodium butyrate, expressed as c.mm. CO, equivalent/g./hour. 
Choline concentration (p.c.) 
0-03 4005 0-07 


[182 
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Rate of acetoacetic acid production, expressed as p.c. of the normal rate in the same liver 


Choline p.c. 

Fig. 7. Liver slices. Relation between concentration of choline and acetoacetic acid pro- 

duction in the presence of 0-02 M fatty acid. o individual experiments, e averages. 
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oxygen uptake is determined by the balance between these two opposing 

influences. The relative magnitude of the two influences at different 

choline concentrations has not been worked out, but apparently at‘all 

concentrations of choline the increase in oxygen consumption due to 

choline oxidation is greater than the decrease due to inhibition of fat 

oxidation. | 
Discussion. 

In the light of what has been shown to occur in the case of liver slices 
it is possible to offer a tentative explanation of the effect of choline on 
the oxygen uptake of the other organs investigated. Thus in the kidney 
there must be a choline oxidizing system much less active than that in the 
liver. In spleen and cardiac muscle there is no choline oxidation but fat 
oxidation is inhibited as in the liver, consequently the net result is a 
decrease in the oxygen consumption. In brain there is no choline 
oxidation, and as is well known there is no fat oxidation, hence choline 
has no effect. 

The most interesting fact emerging from this work is the inhibitory 

action of choline on the fat oxidation of liver slices, and with regard to 
this the important question to be raised is whether this action has any 
physiological significance. It may be pointed out that although a definite 
effect is demonstrable at concentrations of 0-01 p.c. which is possibly 
within the physiological range, a really large effect is only obtained at 
_ concentrations of the order of 1-0 p.c., and the question arises whether at 
these relatively enormous concentrations choline is acting as a general 
respiratory poison. It is not a general respiratory poison because even at 
concentrations of 2-3 p.c. it has absolutely no effect on the carbohydrate 
respiration of the brain, nevertheless it is possibly a specific ‘“‘ poison” to 
the fat-oxidizing mechanism. An attractive hypothesis would be that 
choline and fat are two substrates competing for some common oxidase 
or oxidation surface. Against this is the fact that minced liver will not 
oxidize fat but will still oxidize choline. Another point against ascribing 
any physiological significance to this action of choline is that if any free 
choline did reach the liver it would immediately be oxidized, and this is 
borne out by the fact that no significant amount of free choline can be 
_ detected in the liver even after choline feeding. It is therefore difficult 
to picture the action of choline in decreasing the level of the liver fat as 
occurring in the liver at all. But in spite of all this there is evidence that 
choline does exert an antiketogenic action in the intact animal, for it is 
an established clinical fact that choline given by mouth will alleviate 
ketosis in human diabetes. 
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The observation in human patients that any prolonged impairment 


_ of the oxygen supply to the tissues, whether it be due to anemia, heart 


failure, or other causes, leads to an accumulation of fat in the liver and 
other organs has led to the belief that many types of fatty liver are 
associated with and probably due to a depressed oxidation of fat in the 
liver. There is, however, some evidence that in certain types of fatty 


: - jiver the reverse may be the case; for instance, Meier and Thoeaes 
-_ [1933] found that the fatty liver of phosphorus or chloroform poisoning 


had an oxygen consumption 50 p.c. above normal, and Edson [1935] 
- found that in starvation the acetoacetic acid production of the liver was 
_ markedly increased. The action of choline as described in this paper 
would obviously be antagonistic to this. 

Finally there is one other possibility to be mentioned. Gemmill and 
Holmes [1935] have shown that in the fatty liver produced by fat 
feeding, conversion of fat into carbohydrate is proceeding at a consider- 
able rate, and it may be, therefore, that the main action of choline is to 
accelerate this process. This theory would explain the action of choline 
on the level of the liver fat and at the same time might conceivably 
account for the decrease in the rate of fat oxidation. 


SUMMARY AND CONCLUSIONS. 


1. Choline in concentrations of 0-012 p.c. and upwards increases the 
oxygen consumption of liver slices, the greater the choline concentration 
_ the greater the effect. The choline effect is uninfluenced by the presence 
of either added fatty acid or glucose. 

2. Choline increases the oxygen consumption of kidney slices, but the 

percentage increase is only about one-tenth that obtained with liver 
slices under similar conditions. 
ae 3. Choline decreases the oxygen consumption of spleen and cardiac 
_ muscle; it has no effect on the oxygen consumption of brain. 
4. For any given concentration of choline the percentage increases 
in the oxygen consumption of (a) liver slices, (6) liver pulp, and (c) washed 
liver pulp stand in the ratio of about 1: 3:10. The absolute value of 
the additional oxygen uptake, however, is about the same in all three 
cases. | 

5. Choline is oxidized by washed liver pulp with the uptake of 
approximately 1 atom of oxygen per molecule of choline. 

6. Choline has no effect on the oxygen uptake of a watery extract of 


liver. 
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7. Choline in concentrations of 0-01 p.c. and upwards inhibits the 


- acetoacetic acid production of liver slices, the greater the choline con- 


centration the greater the inhibition, and at 1-0 p.c. it is practically 
complete. In the presence of added fatty acid the inhibition is still 
marked. It is, therefore, probable that choline decreases the rate of ag 
oxidation in the liver. 

8. The effect of choline on the oxygen uptake of liver slices is probably 
the algebraic sum of two separate processes: (a) oxidation of choline 
itself by the liver, (b) inhibition of the normal fat oxidation in the liver. 
At all concentrations of choline the increase in oxygen uptake due to 
(a) is much greater than the decrease in oxygen uptake due to (6). 

9. These findings afford, as yet, no explanation of the action of 
choline in the prevention and cure of various types of fatty liver; they 
do, however, rule out the one explanation which on a prior: grounds 
appeared likely, namely that choline acted by accelerating fat oxidation 
in the liver. 

Note. These conclusions apply to the rat only, no — have 
been performed on other animals. 
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THE BLOOD FLOW THROUGH THE SKELETAL 
MUSCLE IN RELATION TO ITS CONTRACTION. 


By G. V. ANREP anp E. von SAALFELD. 
_ (From the Physiological Laboratory, University of Cairo.) 
(Received July 25, 1936.) 


TE changes which take place in the arterial blood flow in the skeletal 
muscle during and immediately following its contraction have been 
described in two previous communications, where the literature relating 
to the subject has also been fully discussed [Anrep, Blalock and 
Samaan, 1934; Anrep, Cerqua and Samaan, 1934]. It was found 
that the inflow of the arterial blood into the muscle, as measured with a 
hot-wire anemometer shows, during muscular contraction, four distinct 


events which rapidly succeed one another. At the beginning of a strong 


contraction, evoked by direct stimulation of the muscle or of its nerve, 
a certain amount of blood is thrown back into the muscle artery against 
the high arterial blood-pressure. This back thrust is followed by a 
diminution or arrest of the arterial blood flow. The arrest continues for 
the whole time that the maximal strength of contraction is maintained. 
On relaxation of the muscle the intramuscular blood vessels present a 
somewhat diminished resistance to the blood flow, so that at first the 


arterial blood rushes into them with a considerably increased velocity. 


This stage is obviously very short. It lasts only 0-1-0-2 sec. and it termi- 
nates as soon as the blood vessels are refilled. This is followed by a period 
of hyperemia. The four phases therefore are: (1) the back thrust, (2) the 
diminution or arrest. of the inflow, (3) the overshoot during relaxation, 
and (4) the hyperemic after effect. Under different conditions these 
separate phases may become less or more distinct or may be super- 
imposed one upon another. The hyperemia reaches its maximum a short 
time after the relaxation of the muscle; it continues for a variable length 
of time depending on the strength and length of the preceding muscular 
contraction and on the general condition of the muscle. In a fresh warm 
24—2 
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muscle which is kept in a good condition the hyperemia is considerably 
more conspicuous, but at the same time it disappears much more rapidly 
than in a fatigued or cold muscle. The first three changes in the arterial 
blood flow are due to a compression of the blood vessels by the contracting 
muscle fibres. This compression has also been observed in the heart, 
skeletal muscles, diaphragm and in the smooth muscles of the small 
intestine [Anrep, 1935]. The degree of compression of the blood vessels 
depends on the strength of the muscular contraction, that is, on the 
number of muscle fibres participating in it and not on the nature of the 
contraction whether isometric or isotonic. The fourth phase—the period 
of hyperemia, has been explained since Gaskell’s time by the peripheral 
vaso-dilator action of locally produced metabolites. 
_ _‘The object of the experiments described in this communication was 
to study the effect of muscular contraction upon the venous outflow of 
blood from the muscle, to correlate the changes of the outflow with those 
of the arterial inflow, to provide, if possible, a direct proof of the chemical 
mechanism of the hyperemia and to study the time relations between 
the muscular contraction and the liberation of the chemical vaso-dilator 
substances responsible for the hyperemia. 


EXPERIMENTAL PROCEDURE AND METHOD. — 


| The experiments were made:on the gastrocnemius muscle of dogs. 
_ The animals were anesthetized with chloroform and ether followed by 
_ Chloralose (0-07 g. per kg. body weight). The animal’s temperature was 

_ controlled at about 37-5°C. by warming in the winter and cooling in 
the summer, and most stringent precautions were taken to avoid drying 
of the tissues. The blood vessels of the gastrocnemius were dissected as 
described in the paper referred to above [1934]. The dissection was made 
with the utmost care, and it was not considered satisfactory unless the 
venous outflow was within } c.c. per min. equal to the arterial inflow into 
the muscle. Only under these conditions could one be reasonably certain 
that no blood was drained by some accessory veins, and that the muscle 
_ Was not receiving some additional blood supply from collateral arteries. 
The dissection of the blood vessels was verified after the end of each 
experiment by the injection of a fine suspension of Indian ink into the 
muscle artery. After the end of the dissection the muscle was left to rest 
for about 1 hour. In some experiments the gastrocnemius muscle was 
perfused at a constant pressure with blood freshly drawn from the experi- 
‘mental animal. The periods of such perfusions were always short, they 
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 gnimal’s own circulatory system (autoperfusion). The blood of the whole 


experiments a simplified Bayliss blood-pressure compensator was em- 


which was regulated by a rotating commutator (50-6000 per sec.) (Hill, 


other surrounded the fleshy upper attachments of the muscle. 
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were interposed between long periods of a normal blood supply from the 


animal was rendered uncoagulable by a mixture of chlorazol fast pink — 
and heparin, half the necessary dose of each being used. This mixture 
serves as a very satisfactory anticoagulant. It does not lead to the toxic 
effects which sometimes occur when the dye is used alone, and it is less 
prohibitive in price than pure heparin. Either American heparin, or 
heparin from Messrs Schering, was used. The latter was the weaker ~ 
and had to be used in larger doses. In between the observations the 
blood of the gastrocnemius vein was allowed to flow back into ‘the 
animal, During the observations it was diverted to a hot wire anemo- 
meter of the usual construction [Anrep and Downing, 1926]. In many 


ployed. This consisted of a large separating funnel containing about 

200-300 ¢.c. of heparinized blood. The compensator was connected to 

a T-piece tube, one branch of which led to a mercury manometer and 

the other to the central end of the carotid artery. The surface of the blood 

in the funnel was exposed to a constant pressure approximately equal to 

the mean arterial blood-pressure of the animal. The top opening of the 

separating funnel was connected to a Woulffe’s bottle below the animal. 

The Woulffe’s bottle was in turn connected with a pressure bottle filled 

with water and placed at any desired height. This simple compensator 

was found to answer the purpose. The muscle was made to contract by 

stimuli applied to the cut or uncut gastrocnemius nerve, and the allow-t nahi : 
ing methods were used for this purpose: a faradic current from an Spsie 
induction coil (40~70 per sec.), condenser discharges the frequency of ¢ 


1934] or an oscillating valve circuit (150-600 per sec.). In some experi- ae | 
ments the muscle was stimulated directly by means of specially con- 4 
structed electrodes, one of which was placed on the tendon while the b) wre 


$0 
THE EFFECT OF TETANIC CONTRACTIONS UPON THE VENOUS OUTFLOW oom . 
THE SKELETAL MUSCLES. 

Sadler [1869] and later Gaskell [1877] have shown that the venous C) 


outflow from a muscle is greatly increased at the beginning of a tetanic ’ co 6) 
contraction, As the tetanus continues the outflow rapidly diminishes or = 
even stops. After the end of the tetanus the blood flow increases con- 
siderably above normal. The large woo increase in the outflow and its 
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following diminution were considered to be caused by @ compression of 
the intramuscular blood vessels. The increase of the blood flow observed 
as an after effect of contraction was attributed to the potent chemical 
vaso-dilator substances which were released in the muscle during con- 
traction. Burton-Opitz [1903] made somewhat more exact measure- 
ments of the venous outflow, and confirmed the findings of the previous 
observers, except that he failed to observe the prolonged increase of the 
blood flow following tetanic contractions. 

In striking coritrast with these conclusions stand the observations of 
Keller, Loeser and Rein [1930] who measured the blood flow in the 
femoral artery and vein by means of the thermostromuhr. Rein finds 
that the first effect of the tetanic contraction is an abrupt increase in the 
arterial inflow into the muscle. This is followed by a period, extending 
throughout the whole contraction, in which the flow is either equal to the 
resting blood flow or gradually increases above normal. The termination 
of the tetanic contraction is immediately followed by hyperemia, Rein 
considers that the contraction of the muscle produces no compression of 
the intramuscular blood vessels. In this he follows the theoretical con- 
clusion of 8 palteholz[1924] based on the anatomical distribution of the 
blood vessels in the muscles, in which the finer vessels and the capillaries 
run parallel to the cylindrical muscle fibres. Since on contracting the 
fibres become thicker the inter-spaces between them should become wider, 
and therefore the blood vessels should offer a smaller resistance. The con- 
traction of the muscle is therefore regarded by Rein as favouring the 

blood flow by reducing the resistance in the intramuscular blood vessels. 


The initial increase in the arterial inflow is considered by Rein to be due | 


to an abrupt diminution of the resistance to the blood flow, and he com- 
pares it with the concurrent increase in the venous outflow described by 
the previous authors. He thus differs from previous observers in that he 
looks upon the outrush of the venous blood from the contracting muscle 
as a real increase in the circulation of the blood through the muscle, and 
not as a result of the compression of the blood vessels. Certain difficulties 
in accepting this view have been pointed out by one of us in a previous 
communication [1934], but a real proof for or against it can be obtained 
only through a comparison of records of the inflow and outflow of blood 
in the contracting muscle. Fig. 1 shows such records. The gastrocnemius 
nerve was stimulated for 0-15 sec. with condenser discharges of a fre- 
quency of 400 per sec. The inflow and outflow of blood from the muscle 
were recorded by two hot-wire anemometers of an equal sensitivity. The 
inflow was recorded before and after the introduction of a sensitive valve 
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into the arterial stream so as to abolish the first phase in the change in the 
blood supply, which was referred to above as the “back thrust”. Owing 


Fig. 1. Bottom line is base line for blood flow. Time units, 0-1 sec. Middle line is hot-wire 
record of blood flow. Top line shows contraction of gastrocnemius. A, The inflow of 
blood showing the back thrust, the succeeding diminution of the blood flow, the over- 
shoot and the following hyperemia. B, A similar record with a valve in the artery to 
prevent the back thrust. The small upstroke is caused by the closure of the valve. 
The record shows an almost complete arrest of the blood flow during contraction. - 
C, The outflow of blood. This is increased during contraction; on relaxation of the 
muscle it becomes diminished below the resting level and the hyperemic reaction is 
considerably delayed. Read from right to left in all figures. 


to the nature of the recording system this backflow appears as a deflection 
of the record in the same direction as that due to an increase in the blood 

1 The tracings reproduced in this paper are original records which, in order to facilitate 
their publication, have been retraced with waterproof Indian ink and bleached with potas- 
sium ferricyanide. A comparison of an unbleached and a treated record is published in the 
Proc. Roy. Soc. B, 114, 234. 
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flow to the muscle. The second phase, the overshoot and the following 
hyperemia all being changes of the blood flow in the forward direction, 
are unaffected by the valve. It is seen, on comparing the arterial inflow 
curve with that of the venous outflow, that during the period when the 
inflow is diminished the outflow is greatly increased. This increase lasts 
throughout the short period of contraction. The blood flow then rapidly 
declines to below normal after which it again increases during the period 
of the hyperemic after effect. The hyperemia develops, however, very 
much slower on the venous side than on the arterial side. | 
The effect of a prolonged tetanus is fundamentally the same. Fig. 2 
shows a simultaneous record of the inflow and outflow during and follow- 
ing a maximal tetanus of about 5-5 sec. A valve was introduced into the 
arterial system. ‘At the onset of the earotetaaaan the arterial inflow 


Fig. 2, Simultaneous registration of of Two hot-wire 
anemometers were used. Time units, 0-1 sec. Valve used in arterial stream to prevent 
back thrust of blood. Arterial inflow, dotted line; venous outflow, continuous line. 
ee maximum tension de- 
veloped, kg. 


rapidly diminishes and stays at zero until the end of the tetanus, after 
which an abrupt overshoot and a rapidly developing hyperemia follow 
one another. The venous outflow, on the other hand, is greatly increased 
at the beginning of the tetanus. This increase rapidly subsides during 
the early part of the tetanus, and ultimately the blood flow stops com- 
pletely, so that during the latter part of the tetanus there is no circulation 
through the muscle at all. On relaxation the inflow gradually increases; 
during the period of the hyperemia ae venous outflow becomes again 
equal to the arterial inflow. 

The records obtained during short and prolonged tetani support the 
conclusions reached by the previous authors and by ourselves; they do 
not conform with the deductions made by Rein. The venous outflow is 
increased during a simultaneous diminution of the arterial inflow. Such 
conditions cannot arise as a result of diminished intravascular resistance, 
_ they can only be explained by a —— 
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It is well known that the average blood flow through a rhythmically 
contracting muscle is considerably increased above normal. This is not 
incompatible with the fact that the muscle produces by its contraction 
a compression of the blood vessels. The blood flow is increased not during 
but in between the contractions. After each period of activity the blood 
flow rapidly increases, If a second contraction of the muscle is evoked 
during the hyperemia caused by the first contraction, it leads in its after 
effect to a still further increase in the blood flow. The after effects of a 
series of contractions summate with each other. The ultimate extent of 
the increase in the blood flow between the contractions depends on the 
duration of the contractions and on the length of the pause between 
them. Ifthe contractions rapidly succeed each other, the vascular dilata- 
tion has no time to become fully effective. Very characteristic changes are 


Fig. 3. Outflow of blood during rhythmical contractions of gastrocnemius. Right hand 
side of figure shows effect of first five contractions. Six contractions then omitted. 
The following two contractions as well as the hyperemic after-effect are reproduced 
on the left hand side of the figure. Time units, 0-2 sec. 


observed in the venous outflow during the period of rhythmic contrac- | 
tions of the muscle (Fig. 3). The resting muscle contains a relatively small 
amount of blood, therefore the first contraction. leads only to an insignifi- 
cant expulsion of blood. In between the contractions the emptied blood 
vessels are refilled with blood and as the hyperemic after effect makes 
its appearance the muscle contains a progressively larger amount of blood 
at the beginning of each succeeding period of contraction. The expulsion 
of blood becomes more and more conspicuous and the refilling more rapid, 
so that a considerable increase in the outflow of blood can be observed in 
between the contractions. After the last contraction the hyperemic 
reaction develops without being broken up by the interference from a 
further compression by the muscle. The blood flow thus becomes markedly 
increased during the period of a rhythmic activity of the muscle, and this 
increase remains as a more or less prolonged after effect. 
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CHARACTERISTIOS OF THE HYPERZMIC REACTION FOLLOWING 
MUSCULAR CONTRACTION. 


All other conditions being equal the vascular dilatation which idisire 


muscular contraction depends on the strength of the preceding period of 
contraction. The amount of work done by the muscle and the nature of it, 


ce,/min. 


Fig. 4. Venous outflow from gastrocnemius, Effect of contraction and of the following 
hyperemia, A, In the first record the tension was 4-5 kg., in the second it was 200 gm. 
Both effects on outflow unaltered by the change of tension. B, Strength of contraction 
progressively increased by strengthening stimulus to nerve. Both effects increase as 
the stimulus increases. Time units, 0-2 sec.; the base line of the blood flow is shown 
above the time. 


that is, whether it consists in lifting a small weight to a considerable 
height or a large weight to a small height, does not influence the degree 
of after dilatation. Both the diminution of the blood flow through the 
muscle during its contraction, and the dilatation which follows the 
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contraction depend only on the number of muscle fibres involved, and 
not on whether the contraction proceeds in isotonic or, as far as possible, 
isometric conditions. This holds true, of course, only when the state of 
the muscles remains unchanged during the experiment. In other words, 
in experiments with electrical stimulation of the muscle, the hyperemic 
after effect depends on the strength of the stimulus and not on the work 
performed. Fig. 4A shows two superimposed records taken from an 
experiment in which the muscle was made to lift gradually increasing 
weights. The increase in the blood flow is the same in all cases. In con- 
trast with this Fig. 4B shows four superimposed tracings which were 
obtained from the same muscle when it was stimulated with different 
strengths of current. With each increment of the contraction the hyper- 
emia becomes more conspicuous and Jasts for a longer time. This con- 
tinues until the maximum strength of contraction is reached, after which 
the hypersmia is not increased any further so Jong as the duration of the 
contraction remains the same. 

The independence of the hyperemia on the work performed by the 
muscle has already been suggested by Rein. The experiments described 
herecompletely confirm his conclusions. Since it is reasonably certain that 
the strength of contraction of the muscle, under constant conditions, 


depends on the number of fibres participating in this contraction, it 


must be concluded that each muscular unit produces on its contraction a 
definite quantum of vaso-dilator influence. These vaso-dilator influences 
easily undergo summation so that, while a short and weak contraction 
may not be followed by a period of increased blood flow, a series of such 
weak contractions may gradually lead to a fairly appreciable hyperemia. 


THE CHEMICAL NATURE OF THE HYPERZAMIA, 


_ It is a matter of surprise that, although the chemical nature of the 
hyperemia following the muscular contraction has always been taken for 
granted, there are no direct experiments proving it. The researches of 
Krogh [1922] and chiefly of Lewis [1927] and his co-workers make it 
more than likely that strong vaso-dilator substances are produced in the 
tissues during a temporary arrest of the blood supply to them, and that 
most probably the same substances are responsible for the hyperemia 
which follows muscular contraction. This conclusion is chiefly based on 
the analogy of the effect of temporary occlusion of the circulation and 
of the action of various known vaso-dilator substances, as well as on the 
fact that the hyperemic reaction is obtained also after the degeneration 
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_ of the nerve supply to the tissues. Most of these experiments, however, 

were made on the skin and not on the skeletal muscles. 
In order to obtain a direct proof of the chemical nature of the vaso- 

dilator effect, we designed experiments the technique of which is shown 


Fig. 5. The method used for reperfusion. The two Dewar flasks can be filled with arterial 
blood or with the venous blood emerging from the muscle. The venous blood can be 
diverted, to return to the animal or towards the hot-wire anemometer. In some experi- 
ments specially constructed electrodes were applied directly to the muscle, The exten- 
sion of the glass tube shown by dotted lines in the left-hand vacuum flask was used 
only in the experiments on oxygenation. The pressure system shown on the right side 
of the figure was used for reperfusion of the blood through the muscle. 


in Fig. 5. A cannula was introduced into the femoral artery pointing 
towards the heart. The blood emerging from the artery could be diverted 
to either of the 30 c.c. Dewar flasks, shown on the figure, without inter- 
rupting the blood supply to the muscle. The blood emerging from the 
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muscle vein could be returned to the animal via the femoral vein, diverted 
to the hot-wire anemometer or collected into either or both of the vacuum 
flasks. During the collection of the venous blood the taps at the top of 
the vacuum flasks were opened to the atmospheric air, and a gentle suction 
was applied so as to prevent the venous pressure from rising during the 
gradual filling of the flasks. In this manner the vacuum flasks could be 
filled with arterial blood or with venous blood emerging from the muscles 
during periods of rest or during periods of contraction. The blood stored 
in the vacuum flasks was then reperfused through the muscle. For this 
purpose the tap on the top of the vacuum flask was opened towards the 
constant-pressure bottle shown on the right-hand side of the figure. The 
pressure necessary for the reperfusion could be varied within a wide range. 
Usually the perfusion pressure was maintained at such a height that the 
blood flow through the muscle was equal to that observed during the 
autoperfusion by the animal’s own arterial pressure. This was obtained 
when the perfusion pressure was kept approximately at the height of the 
mean arterial pressure of the animal (recorded by a Hiirthle manometer). 
A constant hot-wire registration of the blood flow greatly helps to set the 
perfusion pressure correctly. The effect of perfusion of the muscle with 
arterial blood was then compared with that of reperfusion with venous 
blood. In some experiments one large vacuum flask was used instead 
of two small ones.: 

Freund [1920], Phemister and Handy [1927] and others have 
shown that any mechanical disturbance, even an insignificant agitation, 
of the blood imparts to it strong vaso-dilator properties. Zipf [1931] 
has advanced evidence that this is due to an increase in the concentration 
of adenylic acid in the shaken blood. A more severe agitation leads to an 
appearance of some vaso-constrictor substances which are probably 
identical with the ‘‘Spat-gift”’. In view of these changes which appear on 
shaking, the blood must be collected in the flasks with avoidance of 
rough mechanical disturbances. This is not difficult, since the degree of 
agitation which is unavoidably caused by the inrush of the blood into 
the flask is insufficient to produce any of these changes even when the 
blood is allowed to fill the flask with a full jet from a pulsating artery. 
Besides the vaso-dilator effect which shaken blood has on the blood vessels 
of the muscle, it also temporarily diminishes the hyperemic reaction 
which follows muscular contraction. For example, the normal blood flow 
through the gastrocnemius was 7:5 c.c. per-min., two successive tetanic 
concentrations of the muscle of 0-2 sec. each, were followed bya hyperemia 
with a maximal blood flow of 37 c.c. pee min. and lasting nearly a minute. 
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The same reaction was obtained four times in succession. The muscle was 


then perfused with 25 .c. of arterial blood gently shaken for 2 min. — 


This caused a considerable increase in the blood flow which, however, 
rapidly returned to normal as soon as the muscle was reconnected with 
the animal’s femoral artery. The two short tetani were then repeated, 
but they were followed by almost no hyperemia at all. The hyperemic 
response remained subnormal for some time and the succeeding contrac- 
tions of the muscle evoked at intervals of 90 sec. after perfusion with 
the “traumatized’’ blood caused a maximal hyperemia of 17 and 32 c.c. 
per min. Only on the fourth application of the stimuli was the normal 
hyperemic response of 38 c.c. per min. again obtained. 

This noxious effect of traumatized blood explains the reason why it 
is more difficult to obtain constant and definite hypersemic responses in 
muscles which are perfused with defibrinated blood or, generally speaking, 
with blood which is agitated by a perfusion apparatus outside the organ- 
ism. During such perfusion the hyperemia following muscular contrac- 
tion gradually becomes less conspicuous and finally disappears. This may 
happen long before the resting blood flow undergoes a noticeable diminu- 
tion. 

_ The venous blood which is collected with the above elementary 
precautions during muscular rest causes, on reperfusion, no change in 
the blood flow through the muscle. The resting venous blood like the 


arterial blood can be kept in the Dewar flask for many minutes, and so — 


long as its temperature remains constant it does not acquire any vaso- 
motor properties. On the other hand, the vaso-dilator properties of the 
venous blood which is collected during rhythmic contractions of the 
muscle are quite definite. On reperfusion through the muscle this 
“active” venous blood produces a distinct hyperemia which rapidly 
disappears after the return to the perfusion with arterial blood. The vaso- 
dilation is, however, much smaller than that observed during the period 
of rhythmical contractions, that is, during the period of collection of the 
“active”? venous blood. The vaso-dilator effect of the blood collected 
during muscular activity varies a great deal from one experiment to the 
other. In some it is quite conspicuous, while in others it is negli- 
gible. The cause of this variability is not difficult to find. If we deal 
with the production of some definite quantity of vaso-dilator substances, 
then their concentration in the venous blood must decrease when the 
hyperemia caused by them increases. So that while the vaso-dilator 
substances may be produced in considerable amounts, the increase in the 
blood flow may be so large that they are washed out of the muscle and 
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diluted to an extent which makes their determination difficult. It was 
hoped that the following procedure may diminish the effect of such a — 
dilution. The arterial blood supply of the muscle was restricted by means 
of a finely adjustable screw clamp; the clamp was screwed down to such 
an extent that it would just fail to diminish the resting blood flow, but 
would greatly diminish the magnitude of the hyperemia. By diminish- — 
ing the large inrush of blood into the muscle we expected to obtain a 
higher concentration of the vaso-dilator substances in the venous blood. 
Reperfusion of the venous blood collected under these conditions evoked 
@ most conspicuous hyperemia (Fig. 6). 


Fig. 6. A, Effect on venous outflow of reperfusion of active venous blood collected during 
rhythmical contractions of the gastrocnemius. Blood flow not controlled. Resting 
_ blood flow, 5 ¢.c. per min., maximum blood flow during contractions, 37 c.c. per min. 
At the first black line.on the right perfusion with active venous blood started; at the 
second line, the muscle was reconnected with the femoral artery. Interval equal to 
20 sec. of record omitted. B, The same experiment except that the blood flow had been 
controlled during the collection of venous blood. The maximum blood flow increased 
during the rhythmical contractions from 5 to about 15 c.c. per min, First black line— 
beginning of reperfusion; second line—perfusion with arterial blood from the second 
Dewar flask; third line—re-establishment of normal circulation. Time units, 4 sec. 


The hyperemia which is obtained on reperfusion of the active venous 
blood collected under these controlled conditions is of the same order of 


; magnitude as that which normally folloWs rhythmical contractions of the 


muscle of the same duration. For example, in one experiment the 
rhythmical stimulation of the gastrocnemius produced an increase in 
the blood flow from 7 to 49 c.c. per min, The blood which was collected . 
during another similar period of rhythmical contractions, with a con- 
trolled blood flow, produced on perfusion through the muscle an increase 
in the blood flow from 7 to 46c.c. per min. In order to demonstrate 
the presence of vaso-dilator substances in the blood it is not necessary 
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to have a perfectly constant blood flow during the sllaiaiens of the 
’ blood from the rhythmically contracting muscles. The blood flow may be 
allowed to double or even to treble during the period of collection, the 
vaso-dilator action of the active venous blood still remaining considerable. 


The blood which is collected at the time when the normal hyperemia is . 
in its decline has a very much less pronounced vaso-dilator effect, and | 


the blood collected after the end of the hyperemic period has none. 


STABILITY OF THE VASO-DILATOR SUBSTANCES. 


The hyperssmic properties of the active venous blood are extremely 


stable. At least they were not found to diminish on keeping the blood 
_ in the vacuum flask for about 20-30 min. The vaso-dilator properties of 
the active venous blood seem to undergo no appreciable deterioration 
even when the blood is allowed to remain for some time in contact with 
the tissues. At any rate, under these conditions the destruction of the 
vaso-dilator substances is not a rapid one, This can be seen from the 
following experiments. The artery to the muscle is clamped for some 
definite length of time, and the muscle is stimulated either at the begin- 
ning or in the middle or just before the end of the clamping. The artery 
_ is then opened and the hyperemia is recorded. Had a certain destruction 
of the vaso-dilator substances taken place, the hyperemic effect of the 
contractions evoked early within the period of clamping would be some- 
what smaller than that of the late contractions. The result of the experi- 
ments is, however, just the reverse. The contractions which are evoked 
in the beginning of the period of clamping invariably have a considerably 
greater hyperemic after effect than those evoked at the end of clamping. 

The following table gives some examples of this. 

Taste I, The hypersemic effect of two short tetani of 0-2 sec. each evoked 
during the suppression of the blood flow through the muscle. 

The stimuli were applied at different intervals of time after clamping the muscle artery. 
The hypersmia is recorded after the release of the artery. The figures give the maximal 
increase of the blood flow above the resting blood flow in cubic centimetres per min. The 
per mm. 

Toy 
of clamping 
” »» at 5th second of clamping 


” » &t 12th second of clamping 
” ” at 18th second of clampi 


” ” at the beginning of clam ‘repeated 


A large number of similar experiments was made and the result was 
always the same. The duration of the clamping of the artery was varied 
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[ from a few seconds to 3 min. So long as the preparation of the blood 

} _ vessels of the muscle has been properly carried out, all muscular contrac- 

tions occurring towards the end of the arterial occlusion are followed 

by a somewhat less conspicuous hyperemia than that which follows the 
_early contractions. If, however, there is some circulation in thé muscle 

through collateral channels, during the period of arterial clamping, then 
the hyperemia caused by the early contractions is distinctly smaller than 
}. that which follows the contraction occurring towards the end of clamping. 
Most probably a certain amount of the hyperemic substances which are, 
so to speak, trapped inside the muscle are washed out by the collateral 
blood flow. With this exception the results are conclusive in showing 
that the vaso-dilator properties are not rapidly destroyed when in contact 
with the tissues. 

This conclusion does not explain why the hyperemia is so much 
larger if the contractions are evoked during the early period of the arterial 
occlusion. We should like to advance the following as a most likely 
explanation of this curious phenomenon. Since the blood vessels are 
normally in the state of a partial tonic contraction, some definite time 
is necessary for them to lose this tone and to relax under the action of the 
vaso-dilator substances. Moreover, these substances must also take some 
time to diffuse from the muscle fibres to the blood vessels. In the condi- 
tion when the artery is occluded, enough time is given for the develop- 
ment of the maximal vaso-dilator effect corresponding to the concentra- 
tion of the hyperemic substances. If, however, fresh blood is allowed to 
rush into the dilating blood vessels, a certain amount of the vaso-dilator 
substances is washed out of them before the dilatation becomes complete. 
In consequence of this the hyperemic response becomes less conspicuous. 
A contraction occurring during the latter part of the period of arterial 
occlusion causes comparatively little vaso-dilatation because the sub- 
stances are washed away before they have produced their full effect. 

On applying two or three stimuli to the muscle at various moments of 
the arterial clamping, it is possible to determine the length of time 
necessary for the development of the maximal vaso-dilator effect. For 
instance, the artery is occluded for 3 min. each time, two short tetani 
are evoked at different moments of the occlusion and the vaso-dilator 
effects which follow the release of the artery are measured. All the 
| .  ¢ontractions which occur more than about 20 sec. before the release of 

the artery gave approximately the same hyperemic effect. The hyperemia 
following the contractions occurring within the period 20 sec. before the — 
release of the artery, is ca smaller the nearer the contractions are 
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towards the moment of re-establishment of the circulation, On the 
average of all experiments 15-20 sec. can be taken as the time necessary 
for a complete development of the maximal vaso-dilation in the con- 
tracting muscle, In some experiments this period was as long as 30 sec. 
It must be again emphasized that these relations cannot be observed in 
the presence of a collateral circulation in the muscle. If the collateral 
blood flow is large, the hyperemic effect of the early contraction is — 
invariably greatly reduced as compared with that of the contraction 
occurring towards the end of the occlusion. 7 


COMPARISON OF THE HYPERAMIA FOLLOWING THE RHYTHMIC 
AND TETANIOC CONTRACTIONS. 


There is no reason to suppose that the vaso-dilatation following a 
prolonged tetanus of a skeletal muscle should differ in any way from that 
which follows rhythmical contractions of an equal duration. If, however, 
a comparison of the two is made in a muscle the circulation of which is — 
free, it is invariably found that the tetanus produces a considerably 
greater hyperemia. This must again be explained by a certain amount 
of the vaso-dilator principle being washed out of the muscle in between 
the rhythmical contractions, while in the case of the tetanus it is retained 
owing to the vaso-compression lasting throughout the whole period of 
tetanus. The correctness of this explanation can be shown if the rhythmi- 
cal and the prolonged tetanic contractions are evoked during a temporary 
suppression of the circulation through the muscle. For example, in one 
experiment the resting blood flow through the gastrocnemius muscle was 
equal to 7 c.c. per min.; the artery was clamped and five short tetanic 
stimuli 0-4 sec. each were applied to the muscle. Five seconds after 
the last contraction the artery was released—the maximal hyperemia 
equalled 18 c.c. per min. The experiment was now repeated with a tetanic 
stimulus lasting for 2 sec. The hyperemia observed on release of the 
artery was exactly the same as in the first case. Fifteen rhythmic stimuli 
led, under these conditions, to a hyperemia of 45¢.c. per min., and a 
tetanic contraction of 6 sec. in duration increased the blood flow to 
43°5c.c. per min. In the above experiment a compression of an artery 
lasting for 10-15 sec. without any contractions of the muscles was followed 
by a negligible hyperemia of a few cubic centimetres. 
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THE MOMENT OF APPEARANCE OF THE VASO-DILATOR SUBSTANCES 
IN RELATION TO THE MUSCULAR CONTRACTION. 


It is suggested by Rein that the production of the vaso-dilator 
substance occurs during the contraction of the muscle, but that they are 
not liberated from the muscle fibres until the moment of relaxation. 
This suggestion:is not based on any experimental evidence, but is 
advanced in order to explain certain contradictions arising between 
Rein’s theory and Rein’s experiments. Like most previous observers, 
Rein explains the hyperemia by a liberation of the vaso-dilator sub- 
stances. Since, however, he considers that muscular contraction does not 
lead to a compression of the blood vessels, but on the contrary is accom- 
panied by some diminution of their resistance, it becomes difficult to 
explain why the vaso-dilator substances fail to show their effect during 
the period of a tetanus, but do so after the relaxation of the muscle. It 
is in order to overcome this difficulty that the theory was evolved about 
the liberation of the vaso-dilator substances only after the onset of the 
relaxation of the muscle. This does not conform with the opinion ex- 
pressed by other observers who consider that the vaso-dilator substances 
are liberated during the contraction of the muscle but prevented from 
exerting their effect on the blood flow because of the compression of the 
blood vessels by the surrounding contracting muscle fibres. Our own 
experiments which were specially made for the purpose of testing Rein’s 
theory also fail to support his point of view. We believe that the produc- 
tion and liberation of the vaso-dilator substances both take place during 
the period of muscular contraction. This suggestion rests on the following 


three groups of experiments. — 


THE SIMILARITY OF THE HYPERZMIC RESPONSES WHICH FOLLOW 
RHYTHMICAL CONTRACTIONS AND PROLONGED TETANI. 


If the vaso-dilator principles are not released before the relaxation 
of the muscle, then the rate at which the hypersmia develops must be 
more rapid after a number of rhythmic contractions than after a tetanic 
contraction of the same duration. For instance, five rhythmic contrac- 
tions would be followed by five relaxations, each of which is supposed to 
contribute a certain amount of vaso-dilator material so that at the end 
of the last contraction the blood vessels would be to a considerable extent 
relaxed. At the end of a tetanic contraction of the same duration the 
whole amount of the vaso-dilator material would be released at once. It 
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was seen from the experiments described before that the amount of the 
vaso-dilator substances produced in both cases is the same. However, in 
view of the different timing, as suggested by Rein, one would expect a 
considerably more rapid development of the hyperemia following rhyth- 
mic contraction as compared with a single tetanic contraction of the 
same duration. Such comparisons cannot, of course, be made unless the 
blood flow through the muscle is stopped while the muscle contracts, so 
that none of the vaso-dilator substances can be washed away. Extreme 
precautions must also be taken to avoid any collateral communications 
with the muscle under observation. 

Under these conditions it could be seen in every experiment that not 
only the extent of the vaso-dilatation but also the rate of its development 
and disappearance are exactly alike in both cases. For example, five 
short contractions of 0-3 sec. each occurring at the beginning of a 20 sec. 
clamping of the artery caused, on the release of the artery, a hyperemia 
of 34 c.c. above the resting blood flow. Exactly the same maximal hyper- 
semia was observed when a tetanus of 1-5 sec. was evoked instead of the 
five short contractions. At intervals of 15 sec., following the release of 
the artery after the rhythmic contractions, the blood flow was 19, 9 and 
2.c.c. above normal. All other experiments gave a similar result. 


‘THE HYPERZMIA DURING PARTIAL TETANUS. 


The previous experiments have shown that the blood flow through - 
a strongly contracted muscle is. completely stopped, while during a weak 
contraction it is only diminished. There is, however, no fundamental 
difference between weak and strong contractions. It is generally admitted 
that the difference is not a qualitive but a quantitative one. So long as 
the condition of the muscle is unchanged, a weak contraction of it should 
be looked upon as nothing else but a partial contraction, some muscle 
fibres contracting to their full extent and others not at all. There is no 
reason to suppose that what is true for a whole muscle should not also be 
true for a part of it. It should therefore be assumed that the circulation 
in a weakly contracting muscle mainly proceeds around the relaxed 
muscle fibres, while it is arrested in the blood vessels surrounded by the 
contracted fibres. This is suggested by experiments in which a fractional 
contraction of the gastrocnemius muscle was produced by stimulating a 
part of its motor nerve. For example, the muscle nerve was split longi- 
tudinally into two parts, either of which could be stimulated separately. 
The blood flow through the muscle was 13 c.c. per min. A strong stimu- 
lation of one part of the nerve reduced it to 8¢.c., a similar stimulation 
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of the other part reduced it to 5c.c., and a stimulation of the whole nerve 
stopped the blood flow completely. Such relations can be observed only 
during the early period of strong tetanic contractions. As the tetani 
continue the relations between their effect on the blood flow become 
strikingly different. So long as the tetanus of the whole muscle does 
not diminish in strength, the circulation remains arrested to the end of 
the stimulation and hyperemia appears only after relaxation of the 
muscle. If, however, the strong tetanic contraction is evoked in a fraction 
of the muscle by stimulation of a part of its nerve, the blood flow begins 
_ to increase already during the period of stimulation although the strength 
of the partial tetanus remains unchanged to the end. The blood flow may 
increase to a considerable extent. If the contracting fraction of the 
muscle is not very large in comparison with the resting fraction, the blood 
flow may increase well above the original blood flow through the whole 
muscle. On relaxation of the muscle the blood flow rapidly increases still 
further. 

These experiments suggest that, since the strength of the maximal 
partial tetanus did not change during the period of stimulation, the 
dilatation is taking place in the blood vessels around the resting muscle 
fibres, that the vaso-dilator substances responsible for this dilatation are 
produced in the contracting fibres throughout the period of stimulation, 
and that from there they rapidly diffuse into the whole muscle. Exactly 
the same relations are observed when the whole nerve is stimulated with 
a comparatively weak current. Under these conditions the contraction 
of the muscle is also a partial tetanus. The blood flow at first abruptly 
diminishes, then gradually it begins to increase, reaches its resting value 
and continues to increase well above it. The maximal hyperemia occurs 
immediately after the muscle relaxes. 

Denny- Brown [1929], by direct microscopical shonitenien of the 
surface of the soleus muscle during a stretch reflex, noticed that even a 
moderate amount of pull on the tendon opens up numerous capillaries 
and hastens the blood flow in them to a remarkable extent. As a result 
of this observation Denny-Brown believes that the capillaries are not 
compressed by the muscle fibres when these contract reflexly. Evidence . 
has been advanced elsewhere [Anrep, Cerqua and Samaan, 1934] that 
there is no such fundamental difference between the reflex and the motor 
tetanus. The observation of Denny- Brown is nevertheless correct as we 
could satisfy ourselves on many occasions. The most likely explanation 
of this is that a stretch response of a muscle is nothing but a partial con- 
traction, and that therefore the blood flow becomes considerably increased 
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in those blood vessels which lie around the non-contracting muscle fibres 
because of the diffusion of the vaso-dilator principles out of the contract- 
ing fibres. 


LIBERATION OF VASO-DILATOR SUBSTANCES DURING TETANUS, 


The following direct observation can be taken as finally deciding the 
question in favour of the theory that the vaso-dilator substances are 
produced and liberated during the whole period of contraction. The ex- 
periments were made with the help of our reperfusion method. A large 
Dewar flask was filled with arterial blood from the animal’s artery. The 


tetanus the blood flow was maintained by raising the perfusion pressure to 160 mm. Hg. 
The tetanus was begun a few seconds before the beginning and finished some time 
after the end of the collection of the venous sample. The active venous blood was 


_ perfused at the mean arterial blood pressure of the dog (110 mm. Hg.). First black line 
on the right—admission of the active venous blood; second line—perfusion with 
arterial blood; third line—reconnection with the femoral artery. In the middle of the 
tracing the string of the galvanometer went out of the slot, the galvanometer was 
therefore shunted through a resistance of 400 ohms. The dotted line represents the 
deflection as it would have been without the shunt being used. Time unit, 4 sec. 


blood was then exposed to such a high pressure that a certain blood flow 
was maintained in spite of the compressing force of a maximal tetanus. 
The venous blood from the muscle was collected during the tetanus, the 
muscle being allowed to relax only after the end of the collection of the 
venous sample. The blood vessels of the muscle were then again connected 
with the femoral artery of the animal. A few minutes later, after the 
hyperemia caused by the tetanus had subsided, the venous blood was 
reperfused through the muscle at a pressure equal to the mean arterial 
pressure of the animal. It caused a most conspicuous vaso-dilator effect. 
(Fig. 7.) 

All these considerations lead to the same conclusion, namely, that the 
vaso-dilator principles are produced and released by the muscle during 
its contraction, but prevented from ee an effect wanes of the 
compression of the blood vessels. ~ 
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SoME PROPERTIES OF THE VASO-DILATOR SUBSTANCES RELEASED 
DURING MUSCULAR CONTRACTION. 


It would be as yet premature to speculate as regards the nature of the 
vaso-dilator substances produced during muscular contraction. It is, 
however, possible to indicate some of their characteristics. Gaskell was 
the first to advance the theory of locally produced metabolites, and since 
acid products, especially lactic acid and carbonic acid, are the usual 
results of cell metabolism, it was natural to look for direct evidence of 
increased hydrogen-ion concentration. Gaskell indeed showed that 
lactic acid reduces the tone of the blood vessels, Bayliss [1901] demon- 
strated the same for carbonic acid, and Hooker [1912-13] and Fleisch 
and Sibul [1933] confirmed these results. Oxygen lack has also been 
shown to cause vaso-dilatation. We thus have a whole array of factors 
which, besides the more recently discovered specific vaso-dilator sub- 
stances: histamine, acetylcholine, adenosine and the vaso-dilator effects 
of adrenaline, may play a role. It is difficult to see how any one of these 
specific vaso-dilator substances may account for the capillary as well as 
the arterial vaso-dilation observed as a result of muscular contraction. 
At present there is no clear evidence that any of the specific vaso-dilator 
substances are formed in physiologically active tissues. Rigler [1932] 
showed the liberation of some such substance during activity, but his 
conclusion that this substance was an adenylic compound was made 
without any direct evidence. It is, however, difficult to believe that such 
potent substances could be present in the tissues and yet fail to play a 
part in the local adaptation of the blood vessels. On the other hand Rous 
and Drury [1929] have demonstrated by direct observation a consider- 
able increase in the hydrogen-ion concentration in the ischemic tissues. 
The increase was so pronounced that there is every reason to suppose 
that acidity may under certain conditions control the blood flow. The 
acid metabolites may either act directly or indirectly through the a 
of some more specific substances. _ 

The present evidence is rather of a negative character. It is very 
unlikely that acetylcholine plays any role, since eserine and atropine have 
no effect on the hyperemia. It.is also unlikely that the vaso-dilatation is 
produced by the same agent which appears in the blood when it is exposed 
to mechanical disturbance and which Zipf suggests is adenylic acid. 
The reactive hyperemia following muscular contractions which areevoked 
after perfusion with shaken blood is distinctly smaller than that 
following contractions which are evoked after perfusion with venous 
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blood nihiiind: during activity. If the mechanical disturbance 
of the blood is considerable, as is frequent in artificially perfused 
organs, the reactive hyperemia disappears altogether. There is 
another distinction. Shaken blood perfused through the muscle 
rapidly loses its vaso-dilator properties, active venous blood does not. 
In some experiments active venous blood was reperfused through the 
muscle four times in succession, recollected and tested for its hyperemic 
effect; it was not found to be diminished. It has been mentioned already 


A 
B 
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Fig 8. A, Reperfusion of the active venous blood from a rhythmically contracting gastroc- 
nemius with controlled blood flow. B, The effect of the third perfusion of the muscle 
with the same active blood. C, The effect of the fourth reperfusion with the resting 
venous blood. The black line on the right side—connection with the reservoir; second 
black line—re-establishment of normal circulation. This time line is in every case also 
the base line for the corresponding records from above downwards. Time unit, 4 sec. 
In tracing C, 32 sec. of record omitted. . 


that resting venous blood when reperfused leads to no hypermmia. A 
certain hyperemia is observed, however, when the same resting venous 
blood is reperfused through the muscle three to four times, but in no way 
is this hyperemia comparable to that caused by the active venous blood 
(Fig. 8). There is, however, one similarity between the active venous 
blood and the resting blood which has been reperfused through the muscle 
for several times. Neither leads to a diminution of the hyperemic after 
effect of muscular contraction. Some of these relations can be seen from 
Table IT. 

The question may be raised as to whether the contraction of the muscle 
fibres is wholly responsible for the production of the vaso-dilator sub- 
stances appearing in the venous blood, or whether possibly some of these 
substances are produced in the various nerve endings situated in the 
muscle. Experiments with curare provide a conclusive answer. After 
curarization of the muscle, no diminution of the blood flow is observed 


< 
‘a 
og 
a 
a 
4 
> 
\ 
a 
* 
A 
dl 
4 
a 


BLOOD FLOW AND SKELETAL MUSCLE CONTRACTION. 397 


Taste II. Showing the after effect of the active venous blood and of the shaken arterial 
blood upon the hyperemia evoked by two short tetani of 0-2 sec. each. 


The interval between the two tetani was equal to 0-4 sec. The figures give the maximal 
increase of the blood flow in cubic centimetres per min. The stimuli were applied in every 
case only after the ee The resting blood flow 
was 6 c.c. per min. | 


Maximal increase 
a ve n in 
of the stimuli c.c. per min 
Two control stimuli 


40 c.c. of active venous blood 
the maximal hyperemia during the perfusion 


equal to 
Twe stimuli 72 vec. after return to arterial 
Repeated 90 sec. later creme 
40 c.c. of shaken arterial blood through the 
pesos maximal hyperemia d the perfusion was 


equa 
Two stimuli 100 sec. after return to arterial perfusion 
Two stimuli repeated after 90 sec. 
Again re after 90 sec. 


during the stimulation of the muscle nerve, no hyperemia follows the 
stimulation, and the venous blood which is collected during the stimula- 
tion possesses no vaso-dilator properties. The direct stimulation of the 
curarized muscle is, on the other hand, accompained and followed by the 
usual changes in its blood flow. The above statement must be qualified 
in view of the fact that stimulation of the muscle nerve may lead to 
various vaso-motor changes; these, however, develop slowly, never bear 
any strict time relations to the moment of stimulation and cannot be 
confused with the vaso-compression and the following hyperemia caused 
by muscular contraction. A comparison of the blood flow through normal 
and curarized muscle will form the subject of a further communication. 

In order to determine how far the oxygenation of the blood plays a 
role, we introduced the following modification in the reperfusion appara- 
tus shown in Fig. 5. The venous blood returning from the active muscle 
was collected in the right-hand Dewar flask, while a stream of oxygen 
was being passed through it. When this was filled the blood was slowly 
transferred into the left-hand flask along the tube which is represented in 
the figure by dotted lines. During this whole time oxygen was passed 
through the flask but not through the blood, so as to avoid any mechani- 
cal disturbance. The blood was transferred into this second flask so slowly 
thata considerable degree of oxygenation of it was affected. It did not lose, 
however, its vaso-dilator properties. It is possible that a de-oxygenation 
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of the blood or a shift of its hydrogen-ion concentration towards the 
acid side may be the cause of the liberation of some other vaso-dilator 
substances of a more specific nature, but it seems unlikely that the 
oxygen lack itself causes the hypermmia. This is especially so since it is 
of frequent occurrence that the venous blood collected during rhythmical 
contractions of the muscle has a higher oxygen saturation * than the — 
) resting venous blood. This is so obvious in some en that it can 
¢ be seen with the naked eye. 


Concustons. 


1. A comparison of the venous outflow and of the arterial inflow of 
blood into a contracting skeletal muscle shows that muscular contraction 
is accompanied by a compression of the intramuscular blood vessels. 
The suggestion made by Rein that the blood vessels of a muscle present 
during contraction a diminished resistance to the blood flow cannot be 
confirmed. 

2. The compression of the blood vessels by the contracting muscle 
depends on the strength of its contraction and not on the character of 
its contraction—isometric or isotonic. 

3. The vaso-dilatation following the contraction also depends on its 
strength, that is, on the number of muscle fibres participating in the 
contraction. In other words, it depends on the stimulus evoking the 
contraction, and not on the type of work which the muscle is allowed to 
perform. 

4, Potent vaso-dilator substances appear in the venous blood emerg- 
ing from a contracting muscle. These substances are stable in blood at 
least up to half an hour. A most conspicuous hyperemia is observed 
when the venous blood collected during activity of the muscle is reper- 
fused through it. This is not observed on reperfusion of the venous blood 
which is collected during rest. Even when the resting venous blood is 
reperfused through the muscle _ times in succession its hyperemic 
effect is small. 

5. The theory of Rein, ‘a the .vaso-dilator substances are not 
released from the muscle fibres until the moment of their relaxation, 
finds no support in our experiments. The vaso-dilator substances are . 
produced and released from the muscle during its contraction. The 
liberation of these substances continues for some time following the 
relaxation; how far their production also outlasts the — of contrac- 
tion cannot as yet be ascertained. 
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6. Indirect evidence is provided to show that the vaso-dilatation 
following muscular contraction is not directly due to changes in the 
gaseous content of the blood. | 
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ON THE ALLEGED OCCURRENCE OF “KRAMPF- 
STOFFE” IN ACETONE EXTRACTS OF 
| MAMMALIAN BRAIN. 


By ERIC HOLMES. 
(From the Biochemical Laboratory, Cambridge. 
(Received August 9, 1935.) | 
In a recent series of papers, Kroll [1933, a, 5, ¢] has claimed that, by 
making an acetone extract of the fresh brains of animals killed during 
convulsions, material is obtained which produces convulsions when in- 


jected intravenously into other animals. The brains of sleeping animals, 
on the other hand, when similarly treated yield a sleep-producing sub- 


stance, while the extract of the brains of normal animals has no effect. — 


Kroll’s technique is simple. Convulsions are produced by electrical 
stimulation of the cerebral cortex, by the use of convulsant drugs, or by 
causing insulin hypoglycemia. Sleep is induced by hypnotic drugs, or 
else the brains of hibernating animals are used. The animal is killed, the 
brain excised, rapidly ground up with sand, and extracted with acetone. 
The acetone is removed by distillation in vacuo at a low temperature, and 
the resulting aqueous suspension diluted with normal saline, and injected 
intravenously into another animal. Kroll’s papers should be consulted 
for further details: he used cats, rabbits, and, when hibernating animals 
were required, hamsters. 

We are already familiar with the part played by acetylcholine in the 
activity of the autonomic nerve cells. Sherrington has postulated the 
existence of “central excitatory” and “central inhibitory” states in the 
central nervous system, which may well be manifestations of the activity 
of a chemical agent. Many drugs are capable of provoking convulsions 
or sleep. Kroll’s claims, therefore, startling as they appear, cased 
merit serious investigation. 

EXPERIMENTAL. 
Rabbits were used in all the experiments described. 
A preliminary experiment was performed as follows. A large rabbit 
was anesthetized with ether, and the cerebral cortex was exposed, and 
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stimulated electrically ; convulsive movement of the limbs was obtained. 
The anesthesia was deep, and the convulsions correspondingly feeble. 
Nevertheless, a preparation made according to Kroll’s instructions, and 
injected intravenously into a second rabbit, caused in the latter violent 
convulsions and death. Another rabbit receiving a further portion of the 
material, died within a few minutes, but with only a slight convulsion. 

At first sight, Kroll’s results were thus dramatically confirmed, 
especially as extracts of liver and kidney, made in exactly the same way 
as the brain extracts, were quite without effect. The next step, however, 
again put the issue in doubt, for it was found that preparations of brain, 
made according to Kroll’s instructions, were invariably lethal, no matter 
what the condition of the animal from which the brain was obtained. 
Preparations of normal brain were just as effective as those obtained 
from animals in convulsions. Moreover, although the animals always died 
if given a sufficient dose (0-5-1-0 c.c.), only sometimes did convulsions 
precede death: sometimes they died quite quietly. 

Whether or not convulsions occurred, the following train of events 
regularly took place :* 

(1) Immediately after the injection of a moderate dose, the animal 
appeared active and anxious, with rapid and deep respiration. 

(2) (a) In some cases, if the dose was not repeated, the effect wore 
off, and the animal appeared to recover completely, or 

(6) The limbs became flaccid, and the animal lay either flat on its 
belly, or on its side. It then sometimes became violently convulsed, 
sometimes died quite quietly. In either case, a few gasping respirations 
preceded death. 

Except in the case of very large doses, phase (1) lasted about 3 min. 
Phase (26) could always be induced by repeating the dose first given. In 
only one case did two doses of 2-0 c.c. fail to kill the animal, even when 
the first dose had had little apparent effect. In one case, after two doses 
of 2-8 and 1-5 c.c. respectively, at an interval of 15 min., the animal 
appeared to go to sleep for about 2 hours. It then gradually became 
normal. It subsequently (next day) died as the result of a further 
injection. 
| A summary of the results of a number of experiments is given in 

Table I. 

None of these results affords any proof that the central nervous 
system was primarily affected by the substances injected. As the next 
step, therefore, the following experiment was performed. A rabbit was 
anesthetized, a tracheal cannula inserted and arrangements made to 
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record blood-pressure and respiratory movements. An injection of the 
fresh suspension caused a profound fall of blood-pressure, and a cessation 
of respiration. Artificial respiration was immediately supplied from a 
pump, but no recovery of the blood-pressure could be obtained. The 
experiment was repeated with similar results. The inference naturally 
drawn was that the animal died from complete and sudden circulatory 
collapse. In another experiment intestinal volume, as well as blood- 
pressure, was recorded in the usual way. The injection caused a diminu- 
tion of the volume of the loop of intestine, parallel to the fall in blood- 
pressure, suggesting that the effect was due to heart failure rather than 


Fig. 1. cana Urethane. Cardiometer and blood- -preesure, — the effect of injection 
of E.8. 11 (ups 


to a peripheral vaso-dilation. As a next step, therefore, the heart volume 
was recorded by means of a cardiometer, the chest being open, and 
artificial respiration being supplied. This experiment was performed 
several times, and the same result was always obtained. Small doses 
caused a fall of blood-pressure, and an increase in heart volume; large 
doses caused a great increase in heart volume, quickly followed by a 
cessation of the ventricular beat. The motionless heart was enormously 
engorged with blood; the blood-pressure, of course, fell to zero. A 
typical tracing is given in Fig. 1. 

The results of experiments on the isolated rabbit heart were equally 
striking. The hearts were perfused with Ringer’s:solution. Doses far 
smaller than those which were effective when administered to the whole 
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animal (e.g. 0-5 c.c. of a preparation diluted 1/10=0-05 c.c. of original 
preparation) when injected into the stream of fluid in the perfusion 


Fig. 2. Isolated rabbit’s heart perfused with Ringer’s solution. Effect of two doses (A and 
B) of E.S.E. 13 (see Table I). Interval between injections 14 min. 


cannula served to slow the beat enormously; a further injection stopped 
the heart (Fig. 2). | 
These experiments offer convincing proof that the material tested 
PH. LXXXV. 26 
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killed the animals by its effect on the heart. There is no evidence that it 
had any direct effect on the nervous system. Such an effect, if it existed, 
would be masked by the circulatory failure. The symptoms which have 
been described could in fact all be accounted for by circulatory failure. 
In the early stages there would be anxiety, dyspnea, and muscular 
weakness. This might pass on to a condition of coma from which recovery 
- might occur (as in the single case observed), or to complete and sudden 
failure, in which case desth might well be preceded by convulsions of an 


aaphyxiat nature. 
Nature of the active material. 


| “Since i it was most improbable that any material was present in the 
preparations which had any connection with the functional condition of 
the brain from which it was prepared, much of the interest had dis- 
appeared from the problem. At the same time, the cardiac effects were 
remarkable, and certain further data about the material are worth 
recording. 
After the acetone has been removed during the course of the pre- 
paration of the suspensions, a few c.c. of liquid remain which are turbid 
with white, fatty looking, suspended matter. More of the same material 
~ adheres to the wall of the flask. The suspension is prepared for use 

simply by tipping out the fluid and rinsing the flask with 5-7 c.c. of 
normal saline, and adding this to the original fluid. If the suspension is 
_ centrifuged a clear liquid is obtained and suspended matter is deposited 
at the bottom of the tube. It was repeatedly observed that the clear 


“fluid exerts no apparent effect when injected intravenously into an intact: 


rabbit, no matter how large the dose. In an anesthetized animal it 
causes a sharp and transient fall of blood-pressure, and doubtless con- 
tains one or more of the depressor substances present in most tissue 
extracts. If, however, the solid material be resuspended in saline, with 
or without washing, it retains all the = properties of the original 
suspension. 

A large number of the extracts made were tested in this way; never, 
however, had the clear supernatant fluid any obvious effect when in- 
jected intravenously into an unanesthetized animal. Moreover, in case 
the lethal effect of the turbid suspensions might have obscured some true 
central nervous effect obtainable from extracts of brains of animals in 


convulsions, and not from those of normal ones, an extract was made of _ 


the brain of a rabbit poisoned with strychnine, and others from six 
rabbits (separate experiments) which were in insulin convulsions. 
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In every case the clear supernatant fluid was without any effect at 
all when injected, while the residue, taken up in saline, exerted, when 
tested, its usual effect, killing the animals in doses of 0-5-1-0 c.c. These 
suspensions were in fact tested in two cases only, since, by then, the 
killing of rabbits in this way was becoming both monotonous and 
expensive. 

It is clear that the effective portion of the extracts is not a substance 
soluble in saline, but is the solid matter of the suspensions. If, after the 
watery suspension has been centrifuged and the supernatant fluid de- 
canted, ether is added the solid matter goes almost wholly into solution. 
If the ether is evaporated, and the lipoid residue emulsified in saline with 
a trace of sodium carbonate, the resulting suspension will kill a rabbit 
when injected intravenously [see Table I, E.8.E. 11, E.S.E. 13], or will 
stop a perfused isolated rabbit’s heart. The suspended matter (before 
solution in ether) has a glistening, crystalline appearance and gives an 
intense Liebermann’s reaction. It will also be remembered that it is 
soluble in cold acetone, and there is no doubt but that most of it is 
cholesterol. The following experiment was therefore performed. 100 mg. 
of a sample of commercial (B.D.H.) cholesterol were emulsified in normal 
saline with a little solid NaHCO,. Three doses of the emulsion (0-4, 0-6, 
0-3 ¢.c.) were injected intravenously into a rabbit during the space of 
3 min. The animal, after the last injection, showed muscular inco- 
ordination and flaccidity. It ran with an ataxic gait, and then collapsed 
and died. This cholesterol suspension, in fact, had an effect similar to the 
brain extracts. Unfortunately, like them, it was very likely to contain 
other substances as impurities, and it cannot be assumed that the effect 
was due purely to cholesterol. 


CONCLUSIONS. 


Extracts of rabbit’s brain, made according to Kroll’s directions, are 
lethal on intravenous injection, because they cause stoppage of the 
heart. There is no evidence that they exert any direct effect on the 
- central nervous system. The lethal effect is exactly the same, no matter 
what may be the condition of the animal from which the brain is obtained. 
Kroll’s statement that the extracts rapidly lose potency is not confirmed 
(see remarks in column “subsequent treatment of suspension” in 
Table I). 

The effect on the heart may be either mechanical or chemical. It has 
been found that the active portion of the preparation is the ether- 
soluble moiety of the solid matter, and the turbid saline suspensions used 
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might well be capable of causing emboli in the heart muscle. No gross 
evidence of this was obtained by subsequent perfusion of the hearts with 
a dye—the muscle substance was just as evenly stained as that of the 
control heart. On the other hand, a frog’s heart, perfused by Clark’s 
method, does not appear to be affected by the substance, and since the 
frog’s heart has no coronary circulation, this suggests that the effect on 
the mammalian heart was, in fact, due to embolism in some part of the 
coronary circulation. 

No serious attempt has been made to follow up this aspect of the 
matter, since my colleagues, Dr Friedemann and Dr Mapson, are 
working on the effect of sterols on the heart, independently both of each 
other and of myself. No doubt their experiments will throw further light 


on the subject. The fact that, in true “lipoid nephrosis”, a renal con- __ 


dition characteristically not associated with circulatory disturbances, 
extremely high values have been recorded for blood cholesterol, seems 
to make it doubtful whether the effect is, in any case, really due to 
cholesterol. 


SuMMARY. 


The effects of the intravenous injection into animals of the material 
obtained from brain by acetone extraction, observed by Kroll, and 
attributed by him to the presence of a substance affecting the central 
nervous system, are not due to any such effects, but are the result of a 
depressant action of the material on the heart. : 
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APPEARANCE OF HISTAMINE IN THE VENOUS 
BLOOD DURING MUSCULAR CONTRACTION. 


By G. V. ANREP ann G. 8. BARSOUM. 
(From the Physiological Laboratory, University of Cairo, Egypt.) 
(Received August 12, 1935.) 


THE suggestion that the hyperemia which follows muscular contraction 
_ is-due to the local production of some potent vaso-dilator substances 
was first made by Gaskell over fifty years ago [1877]. At that time 
no other metabolites were known besides those of an acid nature like 
lactic and carbonic acids, and the fact that acids produce in perfusion 
experiments a vaso-dilatation was taken as a sufficient proof in favour 
of the theory that the hyperemia in active muscles is also caused by 
acids. This view assumed a further significance on account of the important 
role which lactic acid was shown to play in the intimate processes in- 
volved in muscular contraction. In the opinion of Krogh [1922] the 
concentration of these substances in the blood and the shift in the H-ion 
concentration produced by them is, under normal conditions, rarely 
large enough to affect the tone of the blood vessels, Krogh supplements 
the theory of acid metabolites by the suggestion that oxygen lack is the 
governing factor regulating the capillaries in the muscles. It is well 
_ known, however, that the blood flow through a muscle may increase 
during its rhythmical contractions so much that the outflowing blood 
loses to a considerable extent its venous character. The arterio-venous 
difference of the carbon dioxide concentration becomes reduced in spite 
of an increase in its production, and the blood emerging from the muscle 
during the hypersemia is frequently better oxygenated than the resting 
blood. Lactic acid appears in the blood when the muscle runs into 
oxygen debt, but under normal conditions the working muscle gets a 
luxury supply of well-oxygenated blood. 

The final proof that acid metabolites or oxygen lack are directly 
responsible for the hyperemia has never been provided. The tacit accept- 
ance of this view rests mainly on the knowledge that these factors are 
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connected with the process of muscular contraction, and that when they 
are made to act upon blood vessels they cause a vaso-dilatation. The 
inadequacy of this theory in its pure form is well shown in recent experi- 
ments of Keller, Loeser and Rein [1930], who measured the blood 
flow in the femoral artery by means of the thermostromuhr. Rhythmical 
contractions of only one of the leg muscles usually more than doubled 
the blood flow in the femoral artery. Injection of blood containing 
0-05 p.c. of lactic acid directly into the femoral artery caused a much 
smaller increase in the blood flow. Injection of 0-15 p.c. did not increase 
the effect and a concentration of 0-5 p.c. had no vaso-dilator action. 
Rein tries to explain this result by suggesting that there must be a 
difference in the action of the acids when they are produced within the 
muscle and act mainly on the capillaries and when they are injected and 
allowed to act on the arteries as well. 

A considerable advance in the study of this problem was made by 
Anrep and von Saalfeld [1935], who studied the vaso-dilator pro- 
perties of the venous blood emerging from a muscle, not by means of 
® comparison with the action of some already known vaso-dilator sub- 
stances but by measuring the vaso-dilator action of the venous blood 
itself. These experiments provided the first evidence showing that the 
blood emerging from a contracting muscle possesses strong vaso-dilator 
properties. With the help of their reperfusion method these workers 
have shown that the venous blood collected from a resting muscle pro- 
duces, on reperfusion, no vaso-dilatation, and that even after the resting 
blood is reperfused through the muscle three times in succession the 
vaso-dilatation caused by it is small, On the other hand, the venous 
blood which is collected during periods of rhythmical contraction of the 
muscle produces, on reperfusion, a vaso-dilatation which in some in- 
stances may be as large as that accompanying the activity of the muscle. 
The chemical substances responsible for this action were shown to be 
stable in blood, and they were not destroyed by oxygenation of the blood. 

Within recent years the whole subject of vaso-dilatation has under- 
_ gone a complete revision in view of the discovery of a number of specific 


vaso-dilator substances which could not be grouped together with the — 
usual acid metabolites. Adenosine, acetylcholine, histamine, sympathin I, 


and finally the vaso-dilator action of adrenaline—all these have now 
to be considered. Rigler [1932] suggested that an adenylic compound 
may play a role in the hyperemia following muscular contraction. No 
direct proofs were, however, provided in support of this view. In order 
to test Rigler’s suggestion one of us [G. V. A.] made in conjunction 
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with Prof. J. H. Gaddum some preliminary experiments, using the 
technique of Anrep and Saalfeld. The experiments gave rather incon- 
clusive results, ‘and they had to be interrupted on account of the tem- 
porary absence of one of the co-workers. Meanwhile Barsoum and 
Gaddum [1935 a] made a great advance in devising a physiological 
method for determination of histamine in small quantities of blood. In 
applying their method to the study of the hypersmia which follows a 
temporary cessation of the blood flow through a limb they found that 
the venous blood contains, during the period of the hyperemia, an 
increased amount of histamine. The periods of occlusion of the artery 
varied in their experiments from 5 to 60 min. The increase in the con- 
centration of histamine was not always proportional to the duration of 
the occlusion, and the hyperemia was not always proportional to the 
concentration of histamine. These experiments were of a preliminary 
nature [1935 6], and the results are probably in part vitiated by the 
insufficient precautions taken to abolish the collateral blood supply to 
the limb. The blood was collected from the whole limb and not from the 
muscle tissue alone. Nevertheless, the work of these observers is of an 
especial significance, since it brings the study of the problem in line with 
the researches of Sir Thomas Lewis [1927], who, barring the actual 
isolation of the histamine, advanced overwhelming evidence in favour of 
the important part which it plays in various vascular reactions of the skin. 

In view of Prof. Gaddum’s new appointment the partnership with 
him had to be broken, and by mutual consent he was replaced by his 
own partner in his work on the reactive hyperemia. The technique 
employed in the experiments described in the present communication 
was precisely the same as that used by Anrep and Saalfeld; the 
method for the quantitative estimation of histamine in the blood was 
that of Barsoum and Gaddum. The blood samples were collected 
directly from the muscle vein in graduated cylinders containing a solution 
of trichloroacetic acid. The histamine was determined in samples of blood 
not less than 10 ¢.c. each. Dogs were used in all experiments. The animals 
were lightly morphinized before injection of ch'oralose which was used as 
an anesthetic. Special care was taken during the preparation of the blood 
vessels of the muscle to abolish all the collateral communications between 
it and the rest of the circulation. A mixture of chlorazol fast pink and 
heparin was used as an anticoagulant. 


4 The presence of chloralose, chlorazol fast pink and of ‘evarin had no influence on 
the accuracy of the estimation of histamine. This was ascertained »y experiments specially 
made for this purpose. | 
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The normal arterio-venous histamine difference of muscle blood. Under 
normal conditions of the circulation through the muscle there is no 
appreciable difference in the concentration of histaminé.in the arterial 


and the venous blood. If, however, the blood flow through the muscle — 
is diminished the venous histamine concentration rises above that of the _ 


arterial blood. The following experiments made on the gastrocnemius 
may serve as an illustrative example. The muscle was perfused by the 
animal’s own blood-pressure from the femoral artery. During the periods 
of observation the arterial blood of the animal was collected in a 60 c.c. 

Dewar flask and then perfused through the muscle at any desired constant 
pressure, The flask was periodically refilled without interfering with the 


blood flow through the muscle except that it was momentarily reconnected _ 
to the femoral artery. The refilling of the reservoir-never took more than — 
5 sec. After four or five perfusions of the muscle at the selected pressure ~ 


the venous blood was collected and analysed. Samples of arterial blood 
were collected before and after the collection of the venous samples. — 


Blood-pressure in Blood flow in | Histamine in 


mm. Hg c.c. per min. y per c.c. 
Exp. 1. Weight of the gastrocnemius, 34 g. 
Arterial sample | 0-035 
150 15 0-035 
5:7 0-045 
0063 
0-035 
| Exp. 2. Weight of the gastrocnemius, 42 g. 
0-022 
3:1 1 0-045 
85 6-5 0-030 
160 | 11-7 0-022 
Arterial sample 0-022 


The above experiments were made with the muscle nerve intact, but the 
same results are obtained also after section of the nerve. In fact when, 
on account of an inadequate blood supply to the muscle, there is a higher 
concentration of histamine in the venous blood than in the arterial blood, 
this difference diminishes or even disappears due to the increase in the 
blood flow which takes place after the section of the nerve. For example, 
in one experiment the arterial histamine was 0-013 y per c.c. and the 


venous was 0-025. After the section of the nerve the blood flow in- 


creased by 25 p.c. while the histamine difference diminished by 60 p.c., 
the venous concentration decreasing to 0-020. All the above figures 
are the result of triplicate determinations, none of which differed from 
the other more than 10 p.c. These experiments show that there is no 
strict inverse relationship between the blood flow and the arterio-venous 
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histamine difference, At a certain blood flow the excess histamine on the 
venous side disappears, No experiments were made yet in order to 
determine the conditions under which the muscle ~_ take up histamine 
from the arterial blood. 

The effect of rhythmical contractions of the muscle. ts all the experiments 
(on 17 dogs), without a single exception, the venous blood collected during _ 
rhythmical contractions of the muscle contained an appreciably greater 
- amount of histamine than the resting blood. Anrep and Saalfeld 
- found that the vaso-dilator properties of the venous blood which is © 
collected during’the hyperemia are quite definite, but that they become 
greatly increased if during the period of contractions the hypereemia i is 
not allowed to develop to its full extent. A small compression of the 
artery during the period of the hyperemia leads to a considerable increase 
in the concentration of the vaso-dilator principles in the active venous 
blood. This observation was amply confirmed by the present experiments * 
as can be seen from the following typical example. _ 

Exp. 3. Weight of the gastrocnemius 30 g. 3 
Blood flow Histeminein 


in blood in 

Description of the blood samples c.c. permin. sy per ¢.c. 
Arterial blood ; — 0-033 
Resting venous blood 4-8 0-033 
Rh ical stimulation of the muscle nerve, blood 31-0 0-085 

ow not controlled 

Immediately after | 30-0 0-080 
Resting venous blood : 48 0-033 
Stimulation as above but the blood flow is controlled — 6-0 0-300 
Immediately after 6-7 0-125 
Arterial blood 0-025 
Resting venous blood 3-6 0-030 


The interesting part about this experiment is that the total amount of 


histamine which appears in the venous blood during the controlled and 


the non-controlled period of collection is exactly the same. The length 
and the strength of the stimulation of the nerve were the same in both 
cases. The arterio-venous histamine difference during the collection of 
the blood with a free circulation was 0-052 y per c.c., which at the blood 


_. flow of 31 c.c. per minute gives an excess histamine of 1-61 y per minute. 


During the controlled period the histamine difference was 0-267 y per c.c., 
which at the blood flow of 6-0 c.c. per minute gives an excess of 1-60 
per minute, 

Other experiments gave results of the same kind except that they 
varied in the extent of the increase in the histamine concentration in the 
~ venous blood. The relative increase was the greater the more conspicuous 
the hyperemia. For example, in one experiment in which the nerve had 
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been cut before the stimulation, the blood flow through the muscle was 
exceptionally large, 15 c.c. per minute. During the stimulation the free 
blood flow increased to a maximum of 33-5 c.c. per minute and the 
histamine concentration of the venous blood rose from 0-022 to 0-065 » 


_ perc.c. In a few minutes the blood flow and the histamine of the venous 


blood returned to their resting values. In another experiment in which 
the blood flow was also large—13-8 c.c. per minute—it increased during 
the period of contractions to 52-4 c.c. per minute, while the histamine 
concentration increased from the already high level of 0-055 to 0-25 y 
per c.c. The relatively larger increase in the blood flow was accompanied 
by @ more conspicuous increase in the histamine concentration. The 
weight of the two muscles was the same within a few grams, and the 


_ stimulus applied was identical in both experiments. 


The relation between the duration and strength of the contraction and the 
amount of histamine liberated by the muscle. Under normal conditions 
there is a definite dependence between the total amount of histamine set 
free as the result of the contraction of the muscle and the duration of this 
contraction. This can best be followed from the two experiments given 
below. One of them was made with a controlled blood flow, while in the 
other the blood flow was free. The only modification which was introduced 
in these experiments consisted in the collection of the entire active venous 
blood in one sample. The collection started 5 sec. before the beginning of 
the stimulation. A tetanic stimulus was then applied for a definite length 
of time, and the collection of the blood was continued until the blood 
flow returned to its resting value. An estimation of the histamine in this 
sample gives therefore the total excess of it on the venous side. It does 
not of course give any indication as regards the moment at which the 
maximal amount of the histamine is set free or produced by the muscle. 
In the experiment in which the blood flow was controlled and in which 


_ one could not be sure of the moment when the hyperemia had come to 


an end, the blood was collected for some time in excess of the usual 
duration of the hyperemia. 

The excess histamine in the venous samples was calculated by sub- 
tracting the histamine per c.c. of the resting venous blood from that 
found in the active venous blood and then multiplying the difference by 
the number of c.c. of blood in the sample. The last column of the table 


_ shows the amount of histamine produced by 1 g. of muscle per minute 


of contraction. This figure is calculated on the basis of the excess histamine 
found in the samples of the active venous blood. For example, in the 


- case of the 10-sec. tetanus in Exp. 5 the excess histamine was 3-48 y. 
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Exp. 4. Weight of gastrocnemius, 25 g: Blood flow controlled. Weak stimulus evoking 
submaximal tetanus applied to muscle nerve. Stimulation began at the fifth second 
of collection of blood sample. Resting blood flow, 4-6 c.c. per min.; maximal blood 
flow during hyperemia, 8-5 o.c. per min. 

Histamine 
Excess § per g. muscle 


Histamine histamine _ per min. of 
Description of c.c. of blood y per insample contraction 
the samples insample of sample y y 
Venous resting 11-0 0-018 
Arterial 11-0 0-018 
Tetanus for 5 sec 13-0 0-040 0-286 0-137 
12-0 0-075 0-684 0-154 
10-5 0-125 1-124 0-180 
Venous 12-0 0-018 — _ 
13-0 0-018 


_ Exp. 5. Weight of gastrocnemius, 42g. Blood flow not controlled. Stimulus evoking 
maximal tetanus applied to muscle nerve. The last stimulus was applied directly to 
the muscle: it evoked a maximal tetanus, but parts of the muscle remained relaxed. 


Histamine histamine per min. 
Description of c.c. of blood y per ¢.c. insample contraction 
the samples insample of sample y y 
Venous 10-0 0-025 — 
Tetanus for 2 sec. 14-5 0-060 0-51 0-364 
‘ ow 22-5 0-100 1-68 0-480 
10 ,, 24-0 0-170 3-48 0-497 
12-0: 0-025 — 
Venous resting 10-5 0-025 
Tetanus for 5 sec. 17-0 0-125 1-70 0-485 
Direct stimulation of the 24-0 0-190 3-96 0-378 
muscle for 15 sec. 


On multiplying this figure by 6 and dividing by 42, being the weight of 
the muscle, we arrive at the result given in the last column of the table. 
The figures given in the second column do not represent the maximal 
hypereemia but the volume of the sample taken. 

Several important deductions can be made from these experiments. 
It can be seen, for instance, especially from Exp. 4, that with prolongation 
of the tetanus the amount of histamine set free becomes progressively 
larger for every second of contraction. A tetanus lasting for 5 sec. was 
accompanied by an appearance of an excess histamine of 0-286 y. 
Tetani lasting 10 and 15 sec. led to liberations of histamine which were 
respectively more than double and treble that figure. This relation is well 
shown in the last column of the table. In the second experiment this 
effect is more conspicuous at the shorter contractions of the muscle. 
It almost disappears when the tetanus lasts for more than 5 sec. Similar 
results were obtained in all the other experiments except that in some 
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the effect was more obvious than in others. Whether this difference 
depends on the condition of the muscle, on the initial blood flow, or on 
the type of the stimulus used cannot be said yet. 

The last observation in Exp. 5 was made with a direct iltbistation 
of the gastrocnemius. The result cannot of course be compared quanti- 
tatively with those obtained when the stimulus was applied to the nerve, 
but the general effect is the same. 

Another point of interest arising from these experiments is the com- 
parison which can be made between the excess histamine appearing in 
the blood as a result of temporary occlusion of the artery and as a result 
of muscular contraction. Barsoum and Gaddum found that a 20-min. 
occlusion of the femoral artery led to an excess histamine in the venous 
blood of 7-7y for the whole limb. The weight of the limb is not given, 
but since the dog weighed 9-5 kg. it is safe to assume that about 700 g. 
would be a fair estimate for the whole limb and 500 g. for the soft tissues 
of the limb. This means that the average production of histamine per 
gram per minute was about 0-00055y for the whole limb and 0-00088 y 
for the soft tissues. These figures must be compared with figures of the 
order of 0-45 and more as observed by us during a maximal tetanus. 
In other words, the effect of muscular contraction is about a thousand 
times greater than that of the occlusion of the artery. 

The total amount of histamine set free by the whole gastrocnemius 
is astonishingly great. In Exp. 5 if one takes that the histamine is 
produced at the rate of 0-45 per minute per gram of muscle the total 
histamine produced by the muscle weighing 42 g. during its maximal 
contraction would be about 19y. Barsoum and Gaddum found that 
during the occlusion of the femoral artery there was a production of only 
0-4 per minute for the whole hindlimb of the dog. 

Effect of “traumatized blood”, Phemister and Handy [1927] have 
found that shaken arterial and venous blood has conspicuous, vaso-dilator 
properties. Barsoum and Gaddum have advanced evidence to show 
that this is due to the production in the blood of a considerable amount of 
adenosine. Since, during the collection of our samples, the blood was 

invariably subjected to some mechanical disturbance it was necessary 
_ to show that the shaking of the blood does not affect its histamine 
content. For this purpose we divided our samples into two lots. One 
was collected with the minimal possible disturbance, while the other was 
subjected to a vigorous shaking for 2 min. before precipitating the 
proteins of the blood in the usual manner. The results were conclusive; 
there was no difference in the histamine content of the two lots. Active 


Mast? 
ap 
4 
a 
> 
a 
wy 
4 
7 


HISTAMINE IN THE VENOUS BLOOD. 417 


venous blood behaved in this respect in the samd* way as the resting 
blood. 

On perfusion of the muscle with blood which had been shaken for 
some time the histamine content of the venous blood does not increase. 
On the contrary, if the venous blood contained more histamine than the 
arterial this difference disappeared on account of the increase in the blood 
flow. 
Do the vaso-motor nerves participate in the liberation of histamine? The 
tongue was chosen as the most suitable object for the study of this 
question. In view of the considerable collateral circulation which was 
always present in all our experiments on the tongue it was impossible 
to calculate the amount of histamine appearing in the venous blood per 
minute and per gram of the muscle. Nevertheless, the results of the 
experiments were as conclusive as those obtained with the gastrocnemius. 
The following experiment shows all the points of importance. 


Exp. 6. Blood collected from lingual vein, the large venous anastomoses 


with the other side being ligatured. a | 
cess 
Blood flow Histamine histamine 
Description of the blood samples permin. yperc.c. per min. 
Resting venous blood 6-6 0-018 — 
Arterial blood 0-018 
Rhythmical stimulation of the lingual nerve 38-0 0-018 _— 
Rh cal stimulation of the vago-sympa- 3-5 0-025 0-024 
etic nerve 
—— stimulation of the hypoglossal nerve 14-5 0-050 0-464 
or 5 sec. 
_. Weak stimulation of the hypoglossal nerve “79 0-040 0-174 
10 sec. 
a of the hypoglossal nerve 10-0 0-030 0-120 
Resting venous blood 6-3 0-018 
Arterial blood 0-018 
Venous blood restricted circulation 32 0-025 0-022 


Stimulation of the lingual nerve, although it produced a sixfold 
increase of the blood flow, had no effect on the histamine concentration 
of the venous blood. In those experiments in which the venous blood 
contained a somewhat higher concentration of histamine than the arterial 
blood stimulation of the lingual nerve abolished this difference. This is 
most probably due to the increase in the blood flow through the tongue. 
Stimulation of the vago-sympathetic nerve diminished the blood flow 
to about a half and caused an increase in the histamine concentration of 
the venous blood. The nerve had to be stimulated for over 3 min. before 
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the required amount of blood was collected, so that the excess histamine 
produced per minute was not great, The appearance of an excess histamine 
in the venous blood during the stimulation of the sympathetic nerve 
cannot be attributed to a specific action. It is most probably caused by 
the insufficient blood supply resulting from the vaso-constriction. At 
any rate an artificial diminution of the blood flow through the tongue 
caused by a partial occlusion of the lingual artery led to the same rise 
in histamine concentration as stimulation of the sympathetic nerve. 
A strong stimulation of the hypoglossal nerve for 5 sec. led to a con- 
siderable production of histamine. As in the experiments with the 
gastrocnemius the amount of histamine liberated per second of stimula- 
tion was larger when the muscle was stimulated for 5 sec. (0-093 y) 
than for 2 sec. (0-060). A weak stimulation which caused only a partial 
tetanus was accompanied by a much smaller liberation of histamine, 
although the contraction lasted for double the time as compared with 
the strong tetanus. 

The action of curare. The action of curare upon the muscle presents 
some extremely complicated features which will be discussed in another 
communication. It is, however, important to mention here that admini- 
stration of curare completely abolishes the excess production of histamine 
during stimulation of the muscle nerve. 

Further proofs that the active substance is histamine. All the experiments 
described here were made with the guinea-pig ileum as a test object. 
The contraction of the ileum produced by the final concentrated extract 
of a blood sample was attributed to histamine. It would be possibly 


more prudent to speak rather of a histamine equivalent than of histamine: 


proper. We would like, therefore, to emphasize that when we use the 
term histamine we mean an appearance in the blood of a substance which 
is indistinguishable from histamine in regard to its physiological effect on 
various test objects and in regard to its behaviour in presence of different 
chemical reagents. In order to verify our experiments with the help of 
some other test object we made use of the specific effect which histamine 
has on the rectal cecum of the fowl. Some of our blood samples were 
estimated on the guinea-pig ileum as well as on the rectal caecum. The 
quantitative estimation of such minute amounts of histamine usually 
gives somewhat different results as regards absolute values, but the deter- 
mination of the relative concentrations of two samples should give the 
same result so long as these concentrations are within the range of sensi- 
tivity of the test objects. This was actually the case. For instance, a 
resting venous sample was estimated by the ileum method as containing 
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0-018y per c.c. and by the cecum method as 0-025y. The active venous 
sample collected from the same muscle gave figures of 0-125 y with the 


ileum and 0-175 with the cecum. The important part of these tests — 


consisted in rendering the cecum insensitive to histamine and determining 
whether it also loses its sensitivity to the blood extracts. The details of 
the method have been described by Barsoum and Gaddum [1935a]. 
After rendering the cecum insensitive to histamine by overdosing it with 
a high concentration of histamine it gave completely negative results 
with the blood extracts. This should be considered as extremely strong 
evidence in favout of the active substance appearing in the blood during 
muscular contraction being histamine. _ 

In the present communication we referred to the histamine as being 
liberated or as being produced by the muscles during their contraction. 
Which of these two mechanisms actually lies at the basis of the appear- 
ance of excess histamine in the venous blood cannot be decided at present. 


CONCLUSIONS. 


1. No difference could be found in the histamine concentration of 
the arterial blood and of the venous blood emerging from a resting 
skeletal muscle. When the blood supply to the muscle was diminished 
the histamine concentration of the venous blood rose above that of the 
arterial blood. The excess histamine appearing in the venous blood, when 
the blood flow was reduced to a half of the normal, was of the order of 
0-002-0-003 y per g. of muscle per minute. 

2. Muscular contraction is accompanied by a considerably larger 
increase of the histamine concentration in the venous blood and of the 


total excess of histamine appearing in the blood emerging from the active | 


_. muscle, The excess histamine is greater the stronger the contraction of 
the muscle and the longer its duration. 3 

3. The excess histamine appearing in the venous blood, per unit of 
time of contraction, becomes progressively larger as the contraction 
continues, A maximal tetanus of a dog’s gastrocnemius lasting for 10 sec. 
may lead to an excess histamine of about 3-5. When calculated per 
. minute of contraction per gram of muscle the average excess of histamine 
is of the order of 0-45 -y, which is several hundred times larger than the 
excess histamine appearing in the blood after temporary occlusion of 
the artery. 

4. Stimulation of the vaso-dilator or of the vaso-constrictor nerves 
does not lead to the appearance of an excess of histamine in the venous 
blood. | 
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TWO TYPES OF RETIN AND THEIR ELECTRICAL 
RESPONSES TO INTERMITTENT STIMULI 
IN LIGHT AND DARK ADAPTATION. 


By RAGNAR GRANIT. 
(From the Physiology Institute, Helsingfors University.) 


(Received June 19, 1935.) 


In his valuable paper on the retinal action currents of various types of 
eyes Piper [1911] showed that there were two types of reactions to 
intermittent stimuli: either (i) the first visible reaction to the individual 
stimuli wasa positive wave, as e.g. in the cat, or (ii) it was anegative 
wave temporarily interrupting the off-effect elicited during the dark 
intervals, as e.g. in the pigeon. These differences refer to the wavelets, 
superimposed upon the summed response of the individual flashes, set 
up by intermittent stimuli at a rate just below the fusion frequency. 
In both cases the summed response begins in the ordinary way with 
a negative a-wave followed by a positive b-wave, as may be seen in 
several of the records published below. Creed and Granit [1933] found 
that in the first type of eye (cat) the latent period of the positive flickering 
wavelets was lengthened as compared with the initial b-wave, and held 
this to be due to activation of the negative component P III which for a 
moment counteracted the positive component P II without being able 
to elicit a definite negative wave. The differences between the two types 
of eyes would thus be quantitative rather than qualitative. 

In this paper it will be shown that these two types of reactions to 
intermittent stimuli may serve to distinguish two types of retine which 
in several important aspects differ from one another. This being the case 
new terms seem to be fully justified, and below the term E-retina will 
be used to denote an eye in which intermittent stimuli cause positive 
wavelets, and the term I-retina for an eye in which the intermittent 
flashes of light cause negative “notches” in the (positive) off-effects, 
elicited by the dark intervals. The terms were suggested by the recent 
work by Granit and Therman [1935], who showed that the negative 
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“notch” in the response of the I-retina coincided with inhibition of the 


discharge in the optic nerve, whereas rapid positive deflections always 
were found to coincide with excitation in the nerve (cf. also Granit 
[1933], Creed and Granit [1933], for the cat’s E-retina). Thus, to put it 
somewhat schematically. in a preliminary way, the E-retina flickers with 
volleys of excitation, the I-retina with volleys of inhibition interrupting 
the “rebound” of impulses at “off”. 

Below, these preliminary definitions of E- and I-rotine will be 
extended, particularly with reference to state of adaptation. So far 
flicker and state of adaptation have been interrelated only with the frog’s 
retinal action potential [Granit and Riddell, 1934]. Below, pigeons, 
owls, cats, and rabbits will be used, the aim of this particular selection 
of animals being to confront the concepts behind the duplicity theory 


with those gradually ies from a study of the electrical reactions in 
retina and nerve. 


TECHNIQUE. 


It is hardly necessary to describe the technique in detail, as both 
permanent magnet string galvanometer, amplifier, camera, lamp, and 
flickering fan in the beam of light were directly taken over from the work 
of Granit and Riddell [1934]. The ground-glass screen, used by the 
latter authors, was permanently removed and the lamp was allowed to 
shine directly on the animal’s eye. If not otherwise stated, the intensity 
of the light, measured with a Lummer-Brodhun photometer at the 
distance used, was about 620 metre-candles at the animal’s eye. Tschern- 
ing neutral tint glasses were used to reduce the intensity of the stimulus 
in some experiments separately referred to below. 

The general procedure of the experiment was as follows: after the 
electrodes had been fitted on, the animal was given half an hour for 
dark adaptation inside the blackened box. Then some records of flicker 
in the dark-adapted state were taken, after which followed 10 min. of 
adaptation to the standard stimulus. As soon as the off-effect of the 
period of light adaptation had disappeared, the eye was ready for a 
record in the light-adapted state. 

_ Allowing intervals of half an hour for dark adaptation this general 
procedure was often several times repeated with the same animal. 

The two 90° sectors interrupting the beam of light were put into 
rotation by means of a cord, quickly drawn over a pulley, and the fan 
was then left to slow down at a rate determined by its own frictional 
forces. This means that the frequency of the intermittent stimuli always 
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changed from fast to slow, and as the fan was running on n ball-bearings 
the change took place fairly evenly. 

Successful experiments were made with 21 animals: 9 pigeons, 2 owls 
(Syrnvum aluco), 6 cats, and 4 rabbits. The pigeons and owls were 
anesthetized with ‘“‘avertin”, their necks fixed into metal collars, and 
their beaks tied down to a protuberance on the collar. “Avertin” was 
given (per rectum) before every period of dark adaptation. The pigeons 
were killed after the experiment, as it had been necessary to cut away 
_ their lids and nictitating membranes (wounds anesthetized with cocaine), 
but the owls were experimented upon several times at intervals of a 
few days. Their lids were kept apart by a specially designed clamp and 
their cornes were cocainized for the corneal electrode. A small likewise 
cocainized incision was made in the skin above the eye for the other 
electrode. Cats and rabbits were treated in the same fashion when 
“dial” or “somnifer” was given. In addition a drop of atropine was 
given to immobilize the pupil. The iris of birds is striated and does not 
react to atropine, but the pupil reflex is very rapid and probably over 
when fusion is reached. Besides, the change in the fusion frequency with 
state of adaptation runs counter to the effect to be expected from a 
change in the size of the pupil. 

The cats were decerebrated in the anid way and left to become dark 
adapted with the electrodes inserted. With one cat “dial” was tried. 
Three rabbits received “dial” and one “somnifer”. Though with a 
moderate dose of ‘‘dial” the retinal response is reasonably good, yet the 
animals, especially the rabbits, were rather restless under it, and the 
base line was not altogether satisfactory. | 


RESULTS. 


‘The frog’s eye will be oe as a standard of comparison to which the 
results obtained with the other eyes will be referred on the basis of a 
type of experiment in sequence with the work of Granit and Riddell 
[1984]. Their procedure was to throw in short flashes of light at various 
points along the off-effect, but here the flashes have been replaced by a 
continuous stimulus. This in practice amounts to systematic lengthening 
of a “gap” of darkness in an otherwise continuously illuminated eye. 
The latter method has been used by Piper [1911] with dark-adapted 
eyes, but in this work light adaptation has been used, since in the 
photopic state it is easier to see whether an eye iat to the E- or 
I-type. 
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The result of this experiment with the frog’s eye is shown as the 
series of curves marked A in Fig. 1. The first effect of the reappearing 
stimulus is a negative “notch” varying characteristically in size with its 


A B 


Fig. 1. In each series of curves the long vertical line marks end of stimulation with standard 
light; the short vertical on the individual curves marks reappearance of stimulus; the 


interval between them duration of gap of darkness. The uppermost curve in every _ 


series shows the uninterrupted off-effect. Time below each series 1/10th second. Series 
A obtained with a frog, B with a pigeon, C with an owl,.and D with a cat. 


— locus on the off-effect. This is typical of the I-retina, and the effect was 
shown by Granit and Riddell [1934] to depend upon reactivation of 
the negative inhibitory component P III. The negative “notch” is an 
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a-wave, the positive peak following it is a b-wave [Granit and Riddell, 
1934}. 
In dark adaptation these negative waves are much smaller and slower, 
showing that the inhibitory component is smaller and slower in this state 
of adaptation, as proved in detail by Granit and Riddell [1934]. 
Now flicker may be regarded as a. series of “gaps” of darkness in an 
otherwise continuous stimulus. In the frog’s eye then each gap of dark- 
ness elicits an off-effect, each phase of light a negative “notch” of the 
inhibitory component P ITI. The fusion frequency during light adaptation 
is about 20 flashes per second. It decreases during dark adaptation to 
about 6-7 flashes per second, or, say, by some 70 p.c, In the slowly 
flickering dark-adapted eye both troughs and crests of the undulations 
’ are reduced in size and rate of rise. After some minutes of light adapta- 
tion a most striking change takes place: brisk waves with deep troughs 
and sharp crests appear, and this change can be measured by recording 
the fusion frequency. 
Granit and Riddell [1934] showed that the main factor behind the 
increase in the fusion frequency after light adaptation was an increase in | 
the inhibitory component P III, responsible for the negative phase and 
the off-effect, but the positive peaks are also sharper in the photopic eye 
and this ‘may indicate a small change in the excitatory component P II. 
With a continuous stimulus the increase in the inhibitory component 
after light adaptation is easily judged by the size and rate of rise of the 
off-effect, or by an experiment of the type described above (Fig. 1). 


The pigeon’s retina. 


The frog’s retina is a rod retina with a great number of cones. The 
pigeon has a retina dominated by cones. A large central area is probably 
almost rod-free, and so are the two fovee, lateralis and nasalis. Towards 
the peripheral parts rods appear, though never in great numbers. Small 
amounts of visual purple have been extracted from the pigeon’s retina. 
by Hess [1912]. Both rods and cones have dendritic connections with 
the bipolars. There is little “inward convergence”; even as far towards 
the periphery as 6-8 mm. from area centralis there are only 15 receptors 
pro ganglion cell [Chiewitz, 1889]. Highly developed inward conver- 
gence on the whole seems to run parallel with the appearance of rods 
ending in knobs instead of in dendrites [Ramén y Cajal, 1933). 

As an experimental animal for electrophysiological work the pigeon 
belongs to the more difficult ones. If the bird is deeply anesthetized its 
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retinal response is easy to record, but then the secondary rise or c-wave 
is flattened out (cf..Granit [1933] for the same result with cats), and 
the other phases also have diminished and slowed down. Most birds, 
therefore, were lightly anssthetized with the result that several records 
looked like A (Fig. 2), which obviously is distorted by eye movements. 


These do not interfere with the determination of the fusion frequency _ 


if fusion happens to fall into a quiet phase, but it may be difficult to be 
certain about other changes due to adaptation unless they are very 
large. The two other records of Fig. 2 B and C are from a lightly anzxs- 
thetized fairly quiet bird. The upper curve (B) is taken after dark 
adaptation, the Jower record shows the result after 10 min. of adaptation 
to the standard light. The fusion frequency in the scotopic response is 
38:5, in the photopic one 45-5. 

Altogether 110 records of flicker were taken. In none of these did the 
fusion frequency of the dark-adapted eye sink below the value obtained 
_ after light adaptation, though in some cases the values were identical. 

As a rule the fusion frequency fell during dark adaptation. The values 
averaged out at 45 flashes per second in light adaptation and 40 flashes 
per second in dark adaptation. Calculating the drop in the fusion 
frequency of the scotopic eye as above for the frog’s eye the figure 
obtained is 11 p.c. With the best eyes the maximal fusion frequency 
went up to 55 (light adaptation), indicating —_ anesthesia was re- 
sponsible for the lower average of 45. 

As to other changes due to light adaptation there seems to be a small 
increase in the size and rate of rise of the off-effect and likewise a favour- 
able effect on the secondary rise, The a- and b-waves do not seem to 
alter. The pigeon’s eye develops a maximal potential of about 0-2 mV. 

_ for the b-wave as compared with up to 1-0 mV. for the frog’s eye. The 
increase in the c-wave following light adaptation was. noted by Koh!|- 
rausch [1918], who pointed out that in this respect the pigeon’s retina 
differs from retinz of nocturnal animals in which the c-wave diminishes 
after light adaptation. Kohlrausch states that the secondary rise com- 
pletely disappears during dark adaptation of the pigeon’s eye, whereas 
in my experiments it has always been present and only slightly diminished 
in the dark-adapted state. His results may have been due to more 
efficient light adaptation, but it is not improbable that the small c-waves 
of the dark-adapted eyes had to do with his use of curare and artificial 
breathing. 

The most significant result of these experiments is not that the 
pigeon’s retinal responses change a little with _— in the state of 
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adaptation, but that the retina of this bird is fairly stable and relatively 
independent of state of adaptation. 
‘The series of curves, marked B in Fig. 1, shows the result of the 
-experiment with “gaps” of darkness. Obviously the pigeon has an I- 
retina in which the size of the negative “notch” varies less than in the 
frog’s eye with its locus on the off-effect. Fig. 2 also shows that at slower 
rates of flicker the first effect of the flashes is a negative swing of the 
galvanometer. The same type of flicker may be seen in curves, published 
by Granit and Riddell [1934], from the light-adapted frog’s eye. The 
difference between the two I-retine with regard to flicker and adaptation 
is that the retina of the frog must be light adapted in order to react as 
the pigeon’s retina, independently of state of adaptation, does. Only in 
the photopic frog’s eye is there a large off-effect, a rape negative 
“notch” and a high fusion frequency. Since in the pigeon’s eye the 
b-wave remains constant despite changes in state of adaptation, the 


small increase in the fusion frequency of the photopic state must depend — 


on the change in the off-effect which, though smaller in degree, is in the 
same direction as the corresponding change in the frog’s eye. 

In the frog’s eye the secondary rise disappears after light adaptation, 
_ whereas in the pigeon’s eye it persists and even increases a little so that 
the contour of the photopic responses is rather different in the two types 
of eyes. But as the secondary rise—largely if not altogether due to the 
slow positive component P I [Granit, 1933]—cannot be shown to have 
anything to do with the frequency of the impulses in the optic nerve 
[Granit and Therman, 1935], nor with flicker [Piper, 1911; Creed 
and Granit, 1933], differences in the secondary rise would seem to be of 
less importance than changes in the fusion frequency which are carried 
upwards by the optic 1 nerve. 


The owl’s retina. 


The retina of this owl (Syrnium aluco) was studied by Schultze 
[1866] in the classical work that led to the important deduction that 
rods are specific receptors for twilight vision. But Schultze’s statement 
that cones are scarce in the retina of Syrniwm was soon contradicted by 
Krause [1894] who came to the conclusion that the owl has as many 
cones per sq. mm. as the buzzard (Falco buteo). The difficulty: seems to 
be that numerous slender rods cover the cones, which also have paler 
colour globules than those found in many other birds, so that this other- 
wise very useful criterion fails to give the necessary aid in the search for 
cones. After consultation of a number of standard monographs on the 
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retina [Piitter, 1912; Hess, 1912; Franz, 1904, 1934; Ramén y 
Cajal, 1933; Rochon-Duvigneaud, 1934] one cannot doubt but that 
the owl’s retina contains a considerable number of cones. Hess counts 
2} millions. On the other hand, it is obvious that it has innumerable rods 
compared with retine of diurnal birds. The dark-adapted owl’s retina is 
coloured deep red with visual purple. 

The owl has only a fovea lateralis for binocular vision, as its eyes are 
directed forwards. There are rods in the fovea too, and Franz [1934] is 
not even certain as to whether the cones increase in number towards the 
_ fovea as in most other animals including diurnal birds, In the owl’s 
retina the 1: 1 relation between receptors and ganglion cells is nowhere 
reached. Even in the fovea there are 7-2 receptors for 1-4 ganglion cell 
_[Franz, 1934]. Towards the periphery convergence increases. 


Fig. 3. Owl's retina responding to intermittent stimulation. Upper curve: dark adaptation; 

lower curve: light adaptation. Time in 1/10th sec. Stimuli in this figure, and in those 

. to follow, black and separated from each other from the beginning of flicker onwards. 
Base line of galvanometer broken line. 


The rudimentary eye muscles do not seem to be able to move the 
large telescopic eye, so that this bird is an ideal preparation for electro- 
physiological work. The owl has excellent vision in daylight, as no one 
will doubt who for some time has kept one in captivity. Their nocturnal 
habits are facilitated by the visual purple mechanism but probably more 
dependent upon the well-developed acoustic apparatus. _ 

How well the owl’s eye reacts after light adaptation may be seen in 
Fig. 3, in which the upper response is taken after dark adaptation, the 
lower one after light adaptation. The b-waves in the dark-adapted state 
fall around values between 0-5-0-6 mV., in this case it is 0-55 mV. After 
light adaptation it falls only to 0-47 mV. The secondary rise is slightly 
reduced and slowed down in the photopic eye. As in the frog’s eye, the 
most striking change after light adaptation is an increase in the size and 
rate of rise of the off-effect. This is best seen with a continuous stimulus 
but also visible in the records of Fig. 3. A well dark-adapted owl’s eye 
may show merely a retardation of the fall at “off” after an exposure of a 
few seconds, reminiscent of the type of off-effect seen in cats, but after 


> 
Ag 
pe 
3 
i 
= 
4 
4 
4 
4 
3 
4 


430 | R. GRANIT. 


light adaptation there is always a well-marked rise at cessation of 
illumination. 
From the change in the off-effect after light adaptation it is possible 
to predict that the fusion frequency will be higher in the photopic eye, 
as shown by the curves of Fig. 3. In the upper response there is fusion at 
17 flashes per second, in the lower one at 33. When all 34 observations 


are averaged the difference is smaller: the fusion frequency is 22 in the ~ 


scotopic eye and 34 in the photopic state. Thus the average drop after 
dark adaptation is 35 p.c. The nature of this change is revealed already by 
a closer examination of the two records in Fig. 3. After light adaptation 
large negative “notches” can be seen to initiate the reaction caused by 
the individual flashes, and the positive peaks also have become sharper. 
This again is best seen at the end of the records where the rate of stimula- 
tion is slower, so that the effects of the individual flashes can be separated. 
These are precisely the changes that take place in the frog’s eye. 

As the standard experiment on flicker and adaptation was repeated 
with the same bird on different days, it was noted that the differences 
between photopic and scotopic responses sometimes were more, some- 
times less marked. This indicates that the retine hardly can be quite 
homogeneous with regard to the elements responsible for the changes due 
to state of adaptation. A reduction of the intensity by means of filters 


also reduces the difference in the fusion frequency between light- and | 


dark-adapted eyes. | 

The standard experiment with “gaps” of darkness gave the set of 
curves reproduced under C in Fig. 1. The similarity with the frog’s eye is 
striking, the only difference being that this eye also has a considerable 
secondary rise left in the light-adapted state so that, after the rise at 
“off”, the curves slope down towards the original base line of the non- 
stimulated eye. Often they go below it, as noted already by Piper [1911] 
and by Granit and Riddell [1934] with the frog’s eye (“remnant 
negativity”). This indicates that light adaptation may leave a more 
permanent change behind the increase in inhibitory P III noted during 
stimulation. The directly coupled amplifier used in this work sometimes 


gives rise to a slow drift of base line making this instrument unsuitable 
for a study of these phenomena. 7 


The cat’s retina. | 
The cat’s retina has both rods and cones, though it is dominated by 


rods. Ziirn [1902] finds from 6 to 10 rods for one cone, but Schultze 
[1866] states that the cat has 2 or 3 times more rods per cone than the 
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human eye. Now, in the latter, according to Chie witz [1889] there are 


from 15 to 18 rods per cone in the peripheral parts, so that in the cat’s 


eye there would be from 30 to 50 rods per cone. In a paper devoted to 


criticism of Menner’s work [1929], Murr [1930] mentions that he is 
about to complete a study based on some 20 eyes of cats and that he can 
confirm the findings of Schultze. It is certainly my own impression also 
of the eyes that I have stained that the cat has very few cones. Chiewitz 


_ [1889] states that even in the area centralis, where anne are more cones 


Fig. 4, Cat’s retina responding to intermittent stimulation. Marked as Fig. 3. Upper 
pair of curves: standard intensity reduced by 1/10th. Lower pair of curves: standard 
intensity of stimulation. In each pair of curves the upper response is obtained in soins 
adaptation, the lower one in light adaptation. 


than elsewhere, rods dominate the picture. In the area, according to the 
same author, there are 11-5 receptors to 1-2 ganglion cells, 3 mm. towards 
the periphery already 135 receptors to 2-5 ganglion cells. As in all 
mammals and in nocturnal birds the rods end in knobs and the cones in 
dendrites. 

From previous experience with the retinal action potential of decere- 
brate cats [Granit, 1933; Creed and Granit, 1933] I knew that a 
normal maximal b-wave should be of the order of magnitude of 0-6-0-4 mV., 
but I had certainly not realized how important it is to have a scotopic 


__ b-wave of this size until I undertook to use the degree of light adaptation 
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given by the bright standard light used in this work. In the dark- 
adapted state the potential could be perfectly normal in outline, despite 


‘the diminished initial b-deflection, but after light adaptation there was — 


hardly any b-wave left, and the rest of the retinal response was a slow 
negative swing below the base line to which the string returned at “off”. 


The flickering waves were then very small and slow (see lower pair of : 


curves, Fig. 4). Similar reactions are obtained when the scotopic animal 
is asphyxiated [Granit, 1933] after removal of PI by anesthesia. 
Asphyxia removes the rapid excitatory component P II responsible for 
the b-wave. At the same time the reaction to flicker diminishes and 
ultimately disappears [Creed and Granit, 1933]. The frog’s eye, on the 
other hand, gives fairly rapid flicker despite removal of PII to the 
extent of leaving an almost pure negative P IIT as the 06.3 result of 
stimulation. 


Even with to all appearance normal retinew of 
-_ with the cat under “dial” and with one kept on artificial respiration, it 


was obvious that the standard intensity was above the physiological 
upper limit for this rod-eye. This is shown by the lower pair of curves in 
Fig. 4. In both light and dark adaptation the flickering undulations are 


small, just as in an asphyxiated retina, and it has only been necessary 


to reduce the intensity by 1/10th (upper pair of curves) to get brisk 
undulations of the type published by Creed and Granit [1933]. 

If the lower intensity of 62 metre-candles be used with an animal 
giving a full-sized brisk potential on illumination, there is a small rise in 
the fusion frequency after light adaptation. With this intensity the fusion 
frequency in the scotopic state averaged out at 26 flashes per second and 
rose to 27 after light adaptation. Only in one case, the one shown in 


Fig. 4 (lower pair of curves), was there a definite rise after light adaptation | 


at the higher standard intensity. This is the case in which artificial 
respiration was given. When all 55 observations at both intensities are 
averaged the fusion frequencies are equal in light and dark adaptation. 
In other respects, however, the retinal response changes after adaptation 
to light. The secondary rise, chiefly due to P I, diminishes considerably, 
and so does the b-wave, especially at the higher intensity (lower pair of 
curves, Fig. 4). The off-effect, which in the scotopic eye only is a re- 
tardation of the fall in the response after cessation of illumination, may 
be slightly enhanced in the photopic state, but the change i is never very 
conspicuous, and often the off-effect is merely a slow rise towards the base 


__ from a small negative prteenas marking the final result of stimu- 
tion. 
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The cat’s retina belongs to the E-type. This should be evident already 
from Fig. 4, where, despite light adaptation at two intensities, the inter- 
mittent waves always are made up by pure positive potentials. The final 
demonstration of the E-character of the cat’s retina again is given by 


- the standard experiment with gaps of darkness (Fig. 1 D). The light 


reappearing superimposed upon the off-effect causes a positive wavelet. 
It is particularly instructive to compare the results of this experiment in 
owls (Fig. 1 C) and cats (D). Both animals have a large number of rods, 
and in the scotopic state react with electric responses, so similar that it is 


difficult to tell them apart. But after light adaptation the owl has a 


large off-effect, an increased fusion frequency, intermittent light elicits 
negative wavelets, and the first effect of a flash of light on the off-effect 
accordingly is negative. In the cat’s eye the off-effect remains small and 
slow, the fusion frequency hardly changes at all, intermittent light only 
elicits positive wavelets, and the first effect of a flash on the off-effect 
is positive. Yet the intensity is high enough to allow of a maximal 


negative component P III [Granit, 1933], in fact, too high for the cat 
_ (atropinized eye) which probably uses its efficient mechanism for pupillary — 
__ constriction to keep its eye permanently dark adapted. 


Fig. 5. Rabbit’s retina responding to intermittent stimulation. Marked as Fig. 3. Upper 
curve, dark adaptation: lower curve, light adaptation. 


The rabbit's retina. 


This also is an E-retina from the functional point of view, and 
histologically it appears to be dominated by rods (Schultze, 1866]. 
There is little to add to the results obtained with the cat’s eye. Fig. 5 
shows the outcome of an experiment with the standard intensity. The 
tabbit’s eye seems to stand this intensity better than the cat’s retina. 
There is also a more definite rise in the fusion frequency after light 
adaptation. With the standard intensity the fusion frequency rose from 
30 to 32 after light adaptation, with the 10 times lower intensity from 
29 to 31. This change was regularly present and with 49 observations 
averaged out at about 6 p.c., calculated as above with the other eyes. 
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A definite negative wave could not be seen in the standard experiment 
with gaps of darkness. As “dial” diminishes the retinal response it is 


difficult to be certain of small changes. A diminished response naturally 


means an increased instrumental threshold. 


E- and I-retine defined. 


The I-retina is characterized by: 

(i) The relatively large and brisk positive off-effect. 

(ii) The supernormal negative a-waves (“notches”) elicited by flashes 
falling on the eye during the off-effect (for details, see Granit and 
Riddell [1934}). 

(iii) The reaction to fast intermittent stimuli: positive off-effects, 
elicited by the dark intervals and cut down by the negative a-waves 
caused by the flashes. 


(iv) The fact that, when the type of reaction changes after light- 


adaptation, this change is better marked at. “off” than at “on” and tends 
to make the features, summarized above, more obvious than in dark 
adaptation. 

(v) A fairly high fusion icin | in the photopic state. 

As the negative “‘notches” or a-waves, which play such an important 
role in the reaction to intermittent light, coincide with inhibition in the 
optic nerve [Granit and Therman, 1934] the I-retina may be said to 
flicker with volleys of inhibition interrupting the rebound of excitation 

at off”’. 

The E-retina is characterized by: 

(i) The small and slow off-effect. 

(ii) The subnormal positive b-wave, elicited by flashes falling on he 
eye during the off-effect. 

(ui) The reaction to intermittent stimuli: ima subnormal b- 
waves, elicited by the flashes. 

(iv) The fact that, when the type of reaction changes after light 
adaptation, this change is better marked at “on” than at “off”. 

(v) A fairly low fusion frequency in the photopic state. 

As the subnormal b-waves coincide with volleys of impulses in the 
nerve this retina may be said to flicker primarily with volleys of excitation. 
The work on the components of the retinal response [Granit, 1933; 


Granit and Riddell, 1934] indicates that the inhibitory component — 


P III is slower in the E-retina than in the I-retina. It is perhaps alto- 
gether less important in the former type of eye. 
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diagram. 
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The diagram of Fig. 6 illustrates the difference between E- and 


- I-retine with regard to flicker. It begins to the left with the end of a 
~~ continuous stimulus (black), eliciting a retardation of the fall at “off” 
’ in the B-retina (upper curve), and a brisk off-effect of short latency in 
> the I-retina (lower curve). The next flash (black) evokes a b-wave in the 


E-retina and an a-wave (negative “notch”) in the I-retina. 
It is, however, both reasonable and necessary to assume that the E- 


_ or I-character of a retina never is quite pure, that just as with regard to 


rods and cones most retin really are “mixed” ones, even though one 


L 


- Fig. 6. ee showing mechanism of flicker in E- and I-retine 


L, light phases; D, dark phases. 


type of receptor may be dominating, so the concepts of E- and I-retine 
to some extent must be regarded as abstractions derived from “mixed” 
types. Among the animals studied the cat and the pigeon probably are 
the purest types. 

From this point of view let us briefly consider the diagram-of Fig. 6. 
If E- and I-reactions were present in the same retina it is obvious that 
differences of phase may lead to complex phenomena of interference. 
But rarely, if ever, can one expect negative and positive beats to cancel 
out as they would do if the E- and I-retine of the diagram were com- 
bined into one organ, but one may get smaller and larger beats alter- 
nating and changing in size in close dependence upon the frequency of 


_, the intermittent stimuli. Granit and Therman [1935] have shown that 


such phenomena actually are obtained both with the retinal action 


_ potential and the beats of impulses in the frog’s eye. This intricate 


problem may have to me developed along the lines suggested by se 
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Discussion, 
--The main question to discuss is whether E- and I-retinse can be 


- identified with respectively rod- and cone-retine. As we have reason to 


believe the retinal action potential to be localized in the synaptic layers 
of the retina! [Granit, 1933; Granit and Therman, 1935] it is im- 
portant to remember that anatomical facts suggest that the synaptic 


_ paths are different structural entities dependent upon whether they begin 


with rods or with cones. Thus there are more amacrines in cone-retine, 
more horizontal cells in rod-retine [Ramon y Cajal, 1933]. In a wider 
sense then the receptor would be defined as a rod or a cone plus the 
particular kind of synaptic connections that belong to either type of 
end organ. | 

Against the hypothesis that E-retine are rod-retine and I-retine 


cone-retine can be advanced the possibility—to be kept in mind—that 
- the owl’s retina has just as many cones as the retina of the cat, whereas 


on our theory, and, in keeping with available evidence, the owl’s retina 
should have a greater number of cones than the eye of the cat. Some 
caution is also suggested by the fact that the I-retine have all belonged 


_ to amphibians and birds, whereas the E-retine have belonged to mam- 


mals. On the other hand, there are sensory data available from the 
human fovea and periphery [Lythgoe and Tansley, 1929] which show 
that with regard to the change in fusion frequency with state of adaptation 
the fovea behaves like the pigeon’s eye, whereas the periphery behaves 
like the eye of the owl as on our theory fovea and periphery should do. 
Thus the peripheral fusion frequency may drop during dark adaptation 


e by some 30-40 p.c. (cf. 35 p.c. in the owl’s eye), whereas in the centre the 


drop is only about 10 p.c. (11 p.c. in the pigeon’s eye). We have yet to 
discover an E-eye capable of reacting like the human periphery. It 


seems, however, as if, for the time being, the objections to the theory 


were significant enough to warrant continued use of the neutral terms 
E- and I-retina and EI-retina instead of referring directly to the electric 
properties of rod-retine, cone-retinw, and “mixed” retine. 


1G. A. Fry and S. H. Bartley [Amer. J. Physiol. 1935, 111, 333] have recently put 
forward an experimental criticism of the argument that interaction evidenced by the 
retinal action potential shows that the latter is localized to some synaptic structure in the 
retina. They interpret their results as a demonstration of “stray light” simulating inter- 
action between adjacent retinal ares. But as no precautions have been taken to exclude 
stray light, the results, in my opinion, may just as well be interpreted as demonstrating 


that interaction simulates the effect of stray light. In fact, preliminary experiments in this 


laboratory with excised opened eyes of frogs and exact focusing of the stimulus on the 
retina indicate that the latter interpretation is the correct one. 
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The main arguments in favour of identifying E- and I-retin» with 
© respectively rod- and cone-eyes are: (i) that the eyes of frogs and owls | 
in the dark-adapted state react very much like H-eyes, whereas the 
I-character comes to the fore after light adaptation; (ii) that the 
_ I-character is permanent in the pigeon’s eye which is completely 
dominated by cones, the E-character permanent in the eye of the cat, 
dominated by rods. The very marked changes in the fusion frequency 
with state of adaptation would thus occur in ‘‘ mixed” retinez. If the cones 
were very scarce it is probable that the fusion frequency of an E-retina 
_ would fall during light adaptation. In this laboratory Charpentier 
[1935] has recently been adapting albino rats to bright daylight. The 
retinal action potential diminishes so as to disappear among the -base- 
line irregularities, which clearly must mean a reduced fusion frequency. 
_ These results with the rod-eyes of non-narcotized intact rats confirm 
the conclusions reached above with the cat’s retina and very definitely 
suggest that a rod without visual purple is blind or almost blind, thereby 
providing an answer to an old question in visual physiology. 

The conservative line of thought, to which I have adhered, utilizes 


a and expands the concepts of the duplicity theory. But one fundamental 
and striking fact has so far remained unexplained: why is it that the ~ 
_ large inhibitory component of the light-adapted I-retina does not appear 
| in the dark-adapted state? Or in terms of fusion frequency: why cannot 
: the rapid properties of the cones and their synaptic connections break 
_ through the slow rod reaction of the dark-adapted eye? The stimulus 
has been of constant strength and far above the thresholds for both rods 


and cones. The question is merely pushed one step further if it be 
answered that there must first take place some bleaching of visual purple 
with consequent diminution in the activity of the rods. On the theory 
that the E- and I-properties have to do with rods and cones respectively 
it is necessary to conclude that during dark adaptation the rods have 
suppressed the activity of the cones. Sensory evidence could be put 
forward in support of this view. 

But the fact itself, of course, is independent of any theory regarding the 
nature of E- and I-retinw. As soonas it has been established that in certain 
types of eyes light adaptation is necessary for fast flicker and I-reactions, 
a new factor in adaptation has been shown to exist. It can be connected 
with the duplicity theory only by means of some argument of the type, 
outlined above, necessitating the assumption of interaction between the 
synaptic connections of rods and cones and thereby presupposing that 
the retinal action potential is localized to the layers inside the receptors. 
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SuMMARY. 


The retinal action potentials of pigeons, owls, rabbits, and cats in 
response to intermittent illumination with a standard light of 620 metre- 
candles have been recorded in light and dark adaptation with a string 
galvanometer and a directly coupled amplifier. 

The fusion frequency falls in dark adaptation, except in the cat’s eye, 
where the drop is absent or insignificant, if present. The fusion frequency 
drops in the various types of eyes by the following amounts: in the 
pigeon’s eye by 11 p.c., in the owl’s eye by 35 p.c., in the rabbit’s eye by 
6 p.c. 

The nature of the reaction to flicker in the two states of adaptation 
has been analysed in terms of the components of the retinal action 
potential. It has been possible to distinguish two types of retina, 
E-reting and I-retinew, the properties of which are summarized on p. 434. 

In the discussion the electrophysiological concepts of E- and I-retinze 
are confronted with the views of the duplicity theory on adaptation. 


The author i indebted tothe Socictas Sientiarum Fennioa for grant towards th 
expenses connected with this work. 
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THE MEASUREMENT OF RED-CELL VOLUME. 
CONDUCTIVITY MEASUREMENTS. 


By ERIC PONDER. 
(From the Biological Laboratory, Cold Spring Harbor.) 
(Received June 27, 1935.) 


_ Tue changes in volume of mammalian red cells in hypotonic and hyper- 
tonic solutions have already been investigated by various methods and 
under various conditions[Ponder and Saslow, 19304, 6, 1931; Macleod 


~ and Ponder, 1933; Ponder and Robinson, 1934; Ponder, 1935], but, 


except for recent researches by Slawinsky [1933 a, 1934 a], no attempt 
has been made to measure them by the method which, theoretically, 
ought to be the best of all, viz. the conductivity method. This is based 
on the fact that the ratio of the resistance of a red-cell suspension to the 


"resistance of the fluid in which the cells are suspended measures the 


percentage volume occupied by the cells, and has the advantage that it 
requires neither packing of the cells (as in hematocrite methods) nor 
transformation of the normally discoidal cells into spheres (as in diffracto- 
metric methods). The method rests on a sound theoretical foundation, 
and its validity has been extensively investigated (Stewart, 1899, 1929; 
Fricke, 1923-24 a, b, 1933; Fricke and Curtis, 1935]. : | 


_Fricke’s theoretical treatment supposes the cells to be virtual non-conductors, and 
his expression for the volume concentration of the cells (regarded as spheroids) is obtained 
in the same way as is Clerk Maxwell’s equation for the volume concentration of non- 
conducting spheres. Brooks [1925] has questioned the absence of conductivity across the 
red-cell membrane by recalculating Ste wart’s [1899] results first on the basis of the cells 
being complete non-conductors and afterwards on the basis of their conductance being 
5 p.c. of that of the surrounding medium. He finds a slightly better correspondence between 
observed and calculated results if this slight conductance is supposed to exist. His com- 


‘ putations, however, are really unjustifiable on at least two grounds. (a) Stewart's 


results were obtained by an antiquated method, and several sources of error were certainly 
not recognized; as a conservative estimate, the observations must have been affected by 
errors of at least 5 p.c. Even to-day, using every care and the best available technique, 
one cannot take consecutive samples of the same suspension and obtain results which agree 
to less than about 1 p.c.; no significance, accordingly, is to be attached to Brook’s re- 
computations, which imply that Stewart was able to detect differences of less than 
0-3 p.c. (b) By packing red cells closely, it can be shown that their resistance rises to about 
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50 times that of a red-cell suspension of about 40 p.c. volume concentration. This means 
that the conductance across the membrane must be less than 2 p.c. of that of the sur- 
rounding, medium, and not 5 p.c., as Brooks supposes. That even this small conductance 
is probably due to there being plasma left between the packed cells is shown by the tem- 
perature coefficient of the conductivity of the packed mass being the same as that for 
plasma. Even if it were partly due to the cell membranes being slightly conducting, this 
slight conductance could safely be ignored in the following experiments. 


The primary purpose of this investigation is to measure the changes 
in volume of rabbit red cells in hypotonic and hypertonic solutions by 
the conductivity method, in order to see if this method gives the same 
kind of results as are described in the earlier papers of this series. At the 
outset, however, one is met by the difficulty that the expression which 
Bs the volume concentration of the cells, p (percentage volume + 100), 1s 

| 
p= (1) 
in which r, is the resistance of the red-cell elipeneicn,: r, the resistance of 
the supernatant fluid obtained by centrifuging down the cells, and X a 
“form factor”, the value of which depends on the shape of the cells. 
If the cell is regarded as a spheroid with long axis a and short axis b, the 
theoretical relation between the ratio a/b and the form factor X is as 


follows [Fricke, 1933]: ajb x 
1 2-00 
1-72 
3 1-36 
1-10 


Expression (1) is therefore valueless unless we know the form of the 
cells, and the difficulty is added to by the fact that these are not true 
spheroids, 1.e. that the “ratio a/b” is a mathematical idealization. Since 
the cells are known to change in shape in solutions of different tonicities, 
it will be clear that volume measurements cannot be made by the 
conductivity method until the way in which the form factor varies with 
tonicity is known; the first part of this paper accordingly deals with the 
way in which X varies with tonicity; and subsequent parts with swelling 
in hypotonic solutions, shrinkage in hypertonic solutions, and the results 
of “free-water” determinations based on measurements of volume 
changes in hypertonic solutions. 


I, . Mernops. 
The resistance measurements were made at a theigtoeicy of 4500/sec. 


on a conductivity and capacity bridge fed by a valve oscillator, the sus- 
Denes etc., being contained in a small conductivity cell (3 c.c.) with 
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a device for stirring by means of air bubbles. In view of the considerable 
“stirring effect” met with in the case of suspensions, readings were taken 
about 15 min. after stirring, by which time the resistance reaches a 


z virtually steady state. The temperature was controlled by immersing 
the conductivity cell in a large water bath in a room at constant tem- 
perature (18+0-5°C.). Measurements of resistance can easily be made 


to 1 part.in 2000 when any individual suspension is in the conductivity 


- ¢ell, but when the resistance of different samples of the same suspension 


is measured the precision becomes very much less. It is apparently 


_ very difficult to transfer identical samples, and to allow for the stirring 


effect to the same extent on each occasion. With care, however, the 
resistance of different samples can be measured to within +0-5 p.c., and 
by averaging results the precision can be further increased. Other experi- 
mental details will be given in their re 


I. VARIATIONS IN THE FORM FACTOR IN PLASMA 
OF VARYING TONICITY. 


(a) Hypotonic plasma. 

The saneisiliinn used is as follows. About 50 c.c. of rabbit blood 
(oxalated, defibrinated, or heparinized, according to the purpose of the 
experiment) are gently centrifuged so as to give relatively packed cells 
and plasma. The packing ought to be such that the volume concentration 
of the cells is about. 0-7. | 

. Step 1. The conductivity of the plasma is measured, pee also that 
of the plasma diluted with water so as to have a tonicity of 0-9, 0-8, ..., 0-5. 


_ The results are plotted on a curve. 


Step 2. To 5c.c. of the packed cells are added 2 c.c. tien in which 
lecithin has been emulsified,! and the volume concentration of the cells 
in the mixture is found by taking the conductivities of the mixture and 
of the supernatant fluid. Examination of the cells should show them to 
be spheres, and there must be no lysis in the supernatant fluid. The 
volume concentration p, is calculated from expression (1) with 1/X — 
since the cells are spheres. 


. 1 The amount of lecithin which has to be added to produce spherical] forms has not yet 
been worked out, arid depends on the number of cells present. If the volume concentration 
is about 0-35, 20 mg. of lecithin should be emulsified for each c.c. of plasma present. The 
lecithinated plasma is filtered through a coarse paper, and much of the “emulsified” lipoid 
separates out as droplets. There is considerable latitude in the quantity of lecithin which | 
other. 
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Step 3. To 5c.c. of the packed cells are added 20.c. of plasma, and 
r, and r, are found as before. Inserting the value of 7,/r, and of p, (from 
step 2) in expression (1), the form factor X, is found.. Examination of the 
cells should show them to be discs, and if there is any considerable 
amount of crenation the experiment should be discarded. __ 

Step 4. To5c.c. of packed cells are added 5 c.c. of hypotonic plasma of 
such a tonicity as to produce, when mixed with the quantity of plasma 
in the 5 c.c. of packed cells (known from step 2), a tonicity T of from 0-8 to 
about 0-55. Call this hypotonic plasma “plasma A”. After mixing, the 
cells are centrifuged off and the conductivity of the supernatant fluid is 
measured. By reference to the curve obtained in step 1, a hypotonic 
plasma can be prepared which has the same conductivity as this super- 
natant fluid; the tonicity, of course, is higher than the tonicity 7, 
because of the water exchange. Call the hypotonic plasma prepared by 
reference to the curve “plasma B”’. 

Step 5. To 5c.c. of the packed cells are added 5.c.c. of “plasma A”, 
and, after mixing, 2 c.c. of “plasma B” in which lecithin has been 
emulsified. The addition of “plasma B” serves to introduce lecithin into 
the system, but does not affect the osmotic equilibrium reached in the 
mixture of packed cells with “plasma A”’, for “plasma B” has the same 
tonicity as the fluid surrounding the cells of the mixture. The volume 
concentration p, is found by measuring 7, and r,, and applying expression 


— (1) with 1/X=0-5. Examination of the cells should show them to be 


spheres, and again there must be no lysis in the supernatant fluid. 

Step 6. To 5c.c. of the packed cells are added 5c.c. of “plasma A”, 
and, after mixing, 2 c.c. of “plasma B”. The values of r, and 1, are 
measured, and the value of the form factor, X,, is found by inserting 
these values and that found for p, (step 5) in expression (1). Examination 
of the cells should show them to be discs. Res 


Step 7. The scope of the experiment can be extended by using a | 


hematocrite method to determine the volume concentration of the dis- 
coidal packed cells in undiluted plasma, and the volume concentration 
of the discoidal cells in the hypotonic plasma used in step 6, for in this 
way we can determine the extent to which the results given by the con- 
ductivity method agree with those given by the hamatocrite method. 
The hematocrite determinations were carried out in tubes 100 mm. long 
and 1 mm. in bore, spun at a speed of 8000 r.p.m. for 30 min. 
Experiments carried out in this way show that, although the cells 
swell in hypotonic solutions, the form factor undergoes relatively little 
change, and Table I gives some typical results. In the first column is 
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"given the value of X,, found in undiluted plasma, in the second the 
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I. 


value of X,, found in hypotonic plasma, and in the third the tonicity in 


~ which X, was found. 


These results lead to two conclusions. (a) The form factor for the 
rabbit red cell in plasma is about 1-10, but can vary 10 p.c. above or 
below this value. The value 1-10 corresponds to a ratio a/b of 4-0, which 
is nearly the same as the ratio diameter/greatest thickness (7-3/1-7; see 
Ponder [1934]). (6) When the cells swell in hypotonic plasma the value 
of the form factor increases to about 1-30 as a maximum; this corresponds 
to an a/b ratio of about 3-3, and so the direction and magnitude of the 
change are just what would be expected on the basis of photographic 
measurements [Ponder, 1933]. 

Table II shows the excellent agreement between the results of the 
conductivity method (when the proper form factor is used) and the 


Taste II. 


hematocrite method. The two columns show the percentage volume 
found by the two methods respectively in the case of a number of sus- 


_ pensions of varying volume concentration.* 


In spite of this agreement, it is very difficult to assess the practical 
value of the conductivity method for measuring volume concentration. 
Individual measurements of resistance can be made with great accuracy, 
but the reproducibility is not so good when measurements are made on 
different samples of the same suspension (see above). If the results for 
several samples are averaged, the conductivity method is laborious com- 
pared with other methods for determining percentage volume. The 

1 As has been pointed out on many occasions, the conductivity method for measuring 
percentage volume rapidly decreases in reliability as the percentage volume decreases 
below about 25 p.c. 
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greatest difficulty, however, is to find the proper value for the form 
factor. To take a concrete example, if 7,/r,=3-278, the value of p is 
0-5175 if 1/X=1-10, but if 1/X=1-20 instead of 1-10, the value of p 
becomes 0-5075. A 10 p.c. variation in the form factor, which can easily 
occur when different individuals of the same species are considered, 
accordingly results in a 2 p.c. variation in the volume concentration, 
and this variation can occur even if the normal discoidal shape of the red 
cells is preserved. If there is any crenation, on the other hand, the 
variations in the value of p obtained by the conductivity method become 
much greater, e.g. if r,/r,=3-278, the value ofp is 0-5175 if the cells are 
diseoidal (1/X =1-10), but 0-610 if the cells are so crenated as to be 
spherical (1/X =0-50). Crenation occurring in the cells of the suspension 
may accordingly result in a 20 p.c. error in the value of p obtained. 


(b) Hypertonic plasma. 

The procedure for investigating changes in the form factor in hyper- 
tonic plasma is the same as the foregoing except that the plasma is 
rendered hypertonic by adding NaCl or sodium citrate instead of being 
diluted with water. The addition of 5 mg. of NaCl or of 16-5 mg. of citrate 
for each c.c, of plasma present raises the tonicity of the medium sur- 
rounding the cells from 1-0 to 1-45, which is about the greatest degree of 
hypertonicity in which the cells are not greatly injured. 

It is sufficient to say that I have not been able to find any significant 
change in the form factor in plasma of tonicity from 1-0 to 1-45, except 
in certain cases in which there was obvious crenation. 


III. VoLUME CHANGES IN HYPOTONIC PLASMA. 


The amount of swelling which red cells undergo in hypotonic plasma 
of varying tonicity is obtained in the same experiments as measure the 
variation in the form factor, and is computed from the values of p, and p, 
after allowing for the fact that the systems in which p, is measured 
contain fewer cells per unit volume as a result of the addition of the 
hypotonic plasma. The observed swelling can then be compared with the 
expected swelling of an osmometer in tonicity 7’, which is 


in which W is the quantity of water contained in the cell expressed as a 
percentage by volume, p the ratio of the volume of the hypertonic or 
_ hypotonic medium to the volume of the cell water, and R a constant 
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"which measures either the fraction of the cell water which is “free”, or 
_- the extent to which the cells lose osmotically active substances during 
- the water exchange. V is the volume attained at equilibrium, and is 
expressed as a percentage of the initial cell volume, always considered 
as 100 p.c. 

_ ~The results obtained show that the observed swelling is always less 
than that expected on the basis of the cell being a perfect osmometer 
with all of its water “free”, and thus confirm, in a general way, the con- 
clusions of Ponder and Saslow [1930 a, 6, 1931, colorimetric method, 


| ae diffraction method, and hematocrite method], Ponder and Robinson 
[1934, heematocrite and diffraction methods], Macleod and Ponder 


[1933], and Ponder [1935, diffractometric method in systems containing 
lecithin]. The red cell always behaves either as if it were an imperfect 
osmometer with all of its water “free”, or as if it were a perfect osmo- 
meter with a variable quantity of its water “bound”, and the imper- 
fection of the osmometer, or, alternatively, the amount of apparently 
“bound” water is quite variable. Its behaviour seems to vary with the 
tonicity to which the cells are exposed, with the concentration of the cell 
suspensions, and with whether the blood is oxalated or defibrinated, and 
this makes it very difficult to compare the results obtained by 80 _ 
different: methods in more than a general way. 


IV. VoLUME CHANGES IN HYPERTONIC PLASMA. 


Defibrinated rabbit blood is obtained and (a) the volume concen- 
tration of the cells, p,, and (6) the depression of freezing point of the 
serum are determined. To the amount of serum contained in 10 c.c. of 
blood is added either NaCl or sodium citrate, the former in the proportion 
of 5 mg. for each c.c. of serum, and the latter in the proportion of 16-5 mg. 
for each c.c. The freezing points are again determined. 

Exactly 10 c.c. of blood are placed in a centrifuge tube and the cells 
are gently thrown down. Most of the supernatant serum is removed, and 
in it is dissolved NaCl or citrate in the above proportions. The hypertonic 
serum is then rapidly mixed with the cells and serum in the tube, with 
precautions against loss. The volume concentration p, is measured, it 
being assumed that there is no change in the form factor (see Section ITI, 
and an examination of the cells must reveal no substantial change in 
form). From the values of p, and p, the shrinkage can be computed, and 
the tonicity 7 of the medium with which the cells were mixed is known 
from the freezing-point measurements. | 
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This method is essentially a simplification of a method used by 
Slawinsky [1933 a, 19344], who determines the amount of “free” 
water from conductivity measurements of shrinkage in hypertonic 
solutions. The amount of shrinkage he finds is such as would indicate 
that the red cell behaves as a perfect osmometer with about 59 p.c. of 
its volume occupied by “free” water in the case of the human erythro- 
cyte, or 51 p.c. in the case of the horse erythrocyte. Since the average 
amount of water in the human red cell is 64 p.c., and that in the horse 
red cell 61 p.c., this means that 92 p.c. of the total water is “free” in 
human erythrocytes, and 84 p.c. in horse erythrocytes. There is difficulty, 
however, in interpreting his results, for he gives his figures for “free” 
water in terms of total cell volume, and not, as is usual, in terms of total 
cell water. For instance, his average value for “free” water in human 
red cells is 59 p.c. of the cell volume, which is 92 p.c. of the cell water, 
but his lowest value is 51 p.c. of the cell volume, which is only 80 p.c. 
of the average cell water, and may be anything from 80 to 100 p.c. 
of the cell water actually present in the cells in the particular ex- 
periment. 

My results are illustrated in Table III. In all cases the blood was 
either defibrinated or heparinized, for oxalated blood gives lower values 
of R, and the degree of hypertonicity established was from 1-40 to 1-50. 


Taszez III, 
Added 
Exp. Blood substance R 

1 Rabbit Citrate 0-80 

2 Rabbit Citrate 
3 Rabbit NaCl 0-72 
4 Rabbi NaCl 0-95 
Man Citrate 0-81 
6 Man Citrate 0-96 
7 Man NaCl 0-95 
8 Man NaCl 0-73 


These results illustrate several points. (2) Sometimes the cells appear 
to behave as perfect osmometers with virtually all of their water “free” 
(Exps. 2, 4, 6 and 7), but sometimes they shrink less than would be 
expected, indicating either a permeability to salts or the presence of 


_ * Slawinsky’s method is open to many objections. The formula which he uses for 
computing the volume concentration is an inexact one containing no form factor, and 
agreeing approximately with expression (1) only if X=1-10. It ought to be abandoned. 
In so far as can be gathered from the rather incomplete description of his method [Sla win- 
sky, 1933 b, 19346), his bridge can scarcely have measured true conductivities, for there 
is no capacity in parallel with the resistance. 
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: “bound” water. It is probably fair to interpret Slawinsky’s results 


[1933 a] as being in agreement with the above, for the quantity of 
“free” water he finds is always less than 64 p.c. of the cell volume (the 
average amount of water in the human red cell), and never more. 
Supposing the total cell water to be 64 p.c. in all of his experiments, some 


: of his values for “free” water correspond to an R value of about 0-8. 


(6) While values of R less than about 0-94 may be regarded as evidence 
either of the presence of “bound” water or of permeability to salts, it 
is virtually impossible to reconcile those experiments in which R turns 


_ out to be from 0-94 to 0-96 with the idea of “bound” water. Taken by 


themselves, these experiments confirm Hill’s observation of about 
95 p.c. of the cell water as “free”, and unless it is imagined that the 
amount of “bound” water varies within wide limits and in an apparently 
unaccountable manner, the lower values of R obtained in some experi- 
ments must be put down to a permeability to salts [cf. Davson, 1934; 


- Kerr, 1929; Ponder and Saslow, 19306]. (c) The values of R found 


in hypertonic plasma are in general greater than those found in hypotonic 
plasma; in a tonicity of 1-5, for instance, R values of 0-95 are not un- 
common, but they have never been obtained in a tonicity of 0-7 or 
thereabouts. This leads to the idea that the permeability to salts is a 
phenomenon more associated with swelling of the cell and stretching of 
its membrane than with change of volume in the direction of shrinking. 


V. Summary. 
In this paper the volumes of red cells in plasma of varying tonicity 


a are measured by a conductivity method, the shape of the cells being 


allowed for by using an expression which contains a “form factor”. The 
way in which this factor varies with changing tonicity is first investigated, 
and then it is shown: (a) that red cells in hypotonic plasma swell less 
than is expected on the basis of salt impermeability and a “free” water 
content of about 95 p.c. of the total cell water, and (6) that red cells in 
moderately hypertonic plasma often shrink just as would be expected if 
all the water were “free” and the cells were perfect osmometers. Con- 
clusion (a) shows that results obtained by conductivity measurements 
agree with those obtained by other methods for measuring volume, and 
conclusion (6) is in agreement with many of the results of Slawinsky 

1 This variability in behaviour in hypertonic solutions has already been commented 
upon [Ponder and Saslow, 19306]. There is probably a time effect involved. The very 
anomalous results obtained in hypertonic NaCl, KCl, etc. (same p¢per), do not appear to 
occur in hypertonic plasma. 
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(conductivity method) in supporting Hill’s determination of nearly all 
the cell water as “free”. The abnormally small swelling in hypotonic 
plasma and the abnormally small shrinkage which is often observed in 
hypertonic plasma are accounted for, as heretofore, by the red cell being 
permeable to osmotically active substances under these conditions. 


ADDENDUM. 


Since this paper was written, Parpart and Shull [J. cell. comp. 
Physiol. (1935), 6, 137] have published results which they believe to 
show that only about 70 p.c. of the red cell water is “free”, and this, if 
true, would allow them to retain their conception of the red cell as a 
perfect osmometer, attaining unexpectedly small volumes in hypotonic 
solutions (as they themselves find by a hematocrite method) because 
part of its water is “bound”. The method used is to add ethylene glycol 
to a suspension of red cells in Ringer, and then to find how much has 
entered the cells by determining the quantity remaining in the surrounding 
fluid by a bichromate oxidation and a thiosulphate titration (iodine- 
starch indicator). They do not seem to have taken account of the fact 
that the supernatant fluid obtained from four-times washed red cells 
itself contains substances oxidizable by bichromate, and therefore 
appearing as “ethylene glycol”. These substances are easily detected if 
one uses a titration method with ferrous sulphate as the titrator and 
potassium ferricyanide as an outside indicator (a method about five 
times as exact as the one Parpart and Shull use). If the presence of 
these oxidizable substances is not allowed for, results identical with those 
of Parpart and Shull are obtained (about 70 p.c. “free” water); 
allowing for the presence of the oxidizable substances, the ethylene 
glycol method shows nearly all the cell water to be “free”, in agreement 
with A. V. Hill’s result. A full description of method and results will 
shortly be published by Macleod and myself. 


3 
‘ 
ral 
* 
7 
Tut 
2 
4 
* 
3} 
on 
i 
As 
Ps} 
a 
AY 
13) 
‘ 
if 


= 


MEASUREMENT OF RED-CELL VOLUME. 449 


REFERENCES, 


Brooks, 8. C. (1925). J. gen. Physiol. 7, 349. 

Davson, H. (1934). Biochem. J. 28, 676. 

Fricke, H. (1923-44). J. gen. Physiol. 6, 375. 

Fricke, H. (1923-45). Ibid. 6, 741. 

Fricke, H. (1933). Cold Spring Harbor Monographs, 1, 117. 

Fricke, H. and Curtis, H. J. (1935). J. gen. Physiol. (in the Press). 

Kerr, 8. E. (1929). J. biol. Chem. 85, 47. 

Macleod, J. and Ponder, E. (1933). J. Physiol. 77, 181. 

Ponder, E. (1933). Quart. J. exp. Physiol. 38, 305. 

Ponder, E. The mammalian red cell andjthejproperties of hemolytic Proto- 
onographien, No. 6. Berlin:,Gebruder Borntraeger. 

Ponder, E. iets J. Physiol. 88, 352. 

Ponder, E. and Robinson, E. J. (1934). Jbid, 88, 34. 

Ponder, E. and Saslow, G. (1930 a). Ibid. 70, 18. 

Ponder, E. and Saslow, G. (1930 6b). Ibid. 70, 169. 

Ponder, E. and Saslow, G. (1931). Jbid. 73, 267. 

Slawinsky, A. (1933 a). Bull. int. Acad. Cracovie, Classe Med. p. 21. 

Slawinsky, A. (1933 6). Biochem. J. 27, 356. 

Slawinsky, A. (19344). Bull. int. Acad. Cracovie, Classe Med. p. 417. 

Slawinsky, A. (19345). Ibid. p. 1. 

Stewart, G. N. (1899). J. Physiol. 24, 356. 

Stewart, G. N. (1929). Amer. J. Physiol. 90, 194. 


in 
y 
a 
4 
4 

f 
> 

J 

: 

¢ 

2 

j 

> 

a 
x 
. 
2 
a 
4 
~ 
ial 


450 


612.112.7:615.782.13 


THE FALL IN THE BLOOD LYMPHOCYTES OF THE 
DOG UNDER CHLORALOSE ANA‘STHESIA. 


By J. M. YOFFEY. 


(From the Departments of Anatomy and of Physiology, University College 
of South Wales and Monmouthshire, Cardiff.) 


(Received July 12, 1935.) 


THE data presented in this paper form a convenient starting point for 
a consideration of the factors involved in the maintenance of the “lympho- 
cyte balance”. By “lymphocyte balance” is meant the mechanism 
whereby the blood lymphocytes are maintained at a fairly constant level 
and prevented from undergoing fluctuations of too extreme a nature. 


MATERIAL AND TECHNIQUE. 


The work has been performed entirely on dogs. At various periods 
after food the animals were anesthetized with a c.E. mixture, and anes- 
thesia then maintained by the intravenous injection of chloralose. 
Immediately after the chloralose injection the first blood count was 
taken (count A)—in all cases a total and differential white cell count, 
and in some experiments a red cell count. Blood was obtained in free 
flow either from a vein on the anterior abdominal wall or from the ear. 
The animal was then left alone for periods varying from 2} to 4% hours, 
after which a second blood count (count B) was made. 


RESULTS. 


The complete data for a typical experiment are given in Table I. 

The fall in the blood lymphocytes is an almost constant phenomenon ; 
the rise in the neutrophiles is usual, but not quite so regular. Table II 
summarizes the results of thirteen experiments. In each case counts 
A and B are given both for lymphocytes and neutrophiles. Count A is 
above the line, count B below. The changes are given both absolutely, 
in terms of the numbers of cells, and — count B being expressed 
as a percentage of count A. 
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in bacteria-free saline. Blood from abdominal wall 
Anzsthetic begun 11 a.m, 


451 
Taste I. Animal No. 4ES70. Dog. Female. Weight=10 kg. 6. vi. 35. 
Chloralose dissolved 


Count B, 2.30 p.m. 


5,760,000 


& 


12,080 


461 
1,130 
10,100 


7,960 
10,110 
2,150 


13,010+ 
7,845 - 

3,866 + 
3,200+ 


‘3 
Chloralose Saline 
11.20 a.m. 10 60 
12.00 noon 0-2 20 
ae 12.10 p.m. 0-2 20 
a 1.50 p.m. 0-2 20 
Count A, 11.30 a.m. 
ae Red blood cells 5,350,000 | 
White blood cells 12,700 
a Cells counted 480 
27:3 p.c. 3,470 9-33 p.c. 
62-7 99 7,960 83-73 99 
r Lymphocytes A 3,470 Neutrophiles A 
Lymphocytes B 1,130 #Neutrophiles B 
Lymphocyte fall 2,340 Neutrophile rise 
Time II. Explanation given in text. 
= No. of interval Lympho- Neutro- Lymphocyte Neutrophile 
= animal hours cytes p.c. philes p.0. change change 
2,050 100 10,670 100 
2,640 100 14,620 100 
| 7,250 100 16,750 100 
2,980 100 12,720 100 
4,620 100 17,100 100 
4,680 100 8,064 100 
1,875 100 9,700 100 
| 3,970 100 10,650 100 
1,720 100 8,070 100 | 
L770 103 11,980 149 
3,470 100 7,960 100 : 
920 100 6,830 100 
2,750 100 4,750 100 4 
4ES72 5500 2,050 1,140 + 
2,330 100 4680 100 
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Thus, to take the summarized data for the first experiment in the 


table; 4ES58: The time interval between counts A and B was 3} hours. 
Lymphocytes A were 2050 per c.mm., and lymphocytes B 750. If 


lymphocytes A are taken as 100 p.c., then lymphocytes B are 36 p.c. 
of lymphocytes A. Similarly with the neutrophiles. The last two columns 
give the actual increase or decrease of lymphocytes and neutrophiles. 
In this case the Mags fell ” 1300 per c.mm., and the neutrophiles 
rose by 330. 


Reference to the column in Table II headed “lymphocyte change” 
shows that the lymphocytes fell in all the experiments but one, namely 
4ES864. In this there was a slight apparent rise (+50 per c.mm.). 
A single change so small in amount possesses no significance seeing that 
in six consecutive counts made on the same sample of lymph there was 
an average error of 8-7 p.c. The range of hamocytometric error therefore 
is such that one cannot attach importance to changes in cell counts 
unless they are fairly well marked, and of relatively frequent occurrence. 

The biggest lymphocyte fall—as also the highest initial lymphocyte 
count—occurred in 4ES49. The dog upon which this experiment was 
performed had a large septic wound upon the face, and this must un- 
doubtedly have been rubbed and massaged during the time the anes- 
thetic mask was in position. Thus the animal was probably inoculated 
with a large dose of its own bacteria and toxins, and there is reason to 
believe from this and other experiments that the abnormal lymphocyte 
figures are to be correlated with this auto-inoculation. — | 

In 4ES870, 71, and 72, the saline used for dissolving the chloralose 
was filtered through a Berkefeld filter. The use of this bacteria-free saline 
does not appear to have influenced either the lymphocyte fall or the 
neutrophile rise. 

The neutrophiles rose in ten out of the thirteen experiments, and 
fell in three, namely 4ES56, 48, and 47. The most marked fall was in 
4ES48. This animal had the astonishing respiration rate of 104 per min.., 
and the abnormal neutrophile reaction may possibly be associated with 
blood changes consequent upon this rapid breathing. | 

On reviewing the results of the above experiments, it seems clear 
that in the dog under the experimental conditions described, a fall in 
the blood lymphocytes is practically a constant change. From these 
data alone, however, it is impossible to form any opinion as to the 
significance of this change, or even to account for the fact that the change 
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takes place. It has been suggested [Y offey, 1933] that in the normal 


dog the number of lymphocytes present in the blood is the resultant of 


a balance between two opposing processes. Newly formed lymphocytes 
are constantly entering the blood, while others are leaving it. A fall in 
the blood lymphocytes may mean either an increase in the number of 
lymphocytes leaving the blood, or a decrease in the number of newly 
formed lymphocytes entering the blood, or a combination of both these 
changes. In either case the question can only be solved by the dissocia- 
tion of these two processes experimentally, and the investigation of each 
of the processes separately. The results of such an investigation will be 
presented in a further paper. 


SuMMARY. 


Thirteen dogs were anesthetized by c.z. induction and the intra- 
venous injection of chloralose. The blood lymphocytes were counted 
immediately after the chloralose injection, and after a period varying 
from 2} to 4% hours. In twelve out of the thirteen cases there was a 
marked fall in the blood lymphocytes, in one there was no significant 


change. 


REFERENCE. 
Yoffey, J. M. (1933). J. Anat, 67, 250-62. 
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VITAMIN B, DEFICIENCY IN THE RAT’S BRAIN. 


By J. R. O'BRIEN anp R. A. PETERS. 
(From the Department of Biochemistry, Oxford.) 
(Received July 27, 1935.) 


In a series of researches from this laboratory, it has been abundantly 
proved that vitamin B, has a specific action in wtro upon the brain 
tissue of pigeons suffering from symptoms due to vitamin-B, deficiency. 
This specific action manifests itself in two ways, (a) by increasing the 
oxygen uptake under precisely defined conditions, the so-called cata- 
torulin effect, and (b) by decreasing markedly the pyruvate formed by the 
avitaminous brain tissue. Normal brain similarly treated shows trifling 
catatorulin effect with vitamin B, and does not make pyruvate unless 
iodoacetic acid is present [Gavrilescu, Meiklejohn, Passmore and 
Peters, 1932; Peters and Sinclair, 1933; Peters and Thompson, 
1934]. It is to be noted that abnormal amounts of pyruvate have been 
found in the blood of avitaminous birds and rats by Thompson and 
Johnson [1935], which forms a striking demonstration in vivo of the 
thesis that pyruvate is important in intermediary carbohydrate meta- 
bolism. According to the scheme of Embden and Meyerhof, the 
following series of changes occurs anaerobically in muscle extracts: 
(1) Hexose diphosphate - 2-triose phosphate. 

(2) 2-triose phosphate + phosphoglyceric acid +«-glycerophosphate. 

(3) phosphoglyceric acid + pyruvic acid + phosphate. | 

(4) Pyruvic acid+«a-glycerophosphate triose phosphate +lactic 
acid =(2-lactic acid + phosphate, Meyerhof). 

According to Meyerhof and Lohmann [1934] stage 3 takes place 
by way of the intermediate compound phosphopyruvic acid. Fluoride 
stops stage 3 and iodoacetic acid stage 4. In the experiments of this 
laboratory, a high concentration of lactate and phosphate are uniformly 
present and the conditions are aerobic instead of anaerobic; neverthe- 
less, iodoacetic acid induces the appearance of pyruvate in normal brain 
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tissue [Peters and Thompson, 1934], and fluoride inhibits the appear- 
ance of abnormal amounts of pyruvate with vitamin-B, deficient brain. 
The pyruvate in these brain experiments, therefore, behaves in accord- 
ance with the above scheme. It is not correct to say that no features of 
this scheme apply to brain as has been stated by Ashford and Dixon 
[1935]. Certainly other features appear to be different: it is uncertain 
whether stage 4 holds for these experiments—a matter which is under 
investigation by R. E. Johnson. It is also not yet known what is the 


- source of the pyruvate. 


Both fromr the general and special points of view, it is important to 
know whether effects demonstrated for vitamin B, in avian brain occur 
with other brains deficient in vitamin B,. In this paper we shall show 
that the phenomena are in the main the same for the rat. 


METHODS AND RESULTS. 


The essential details of the technique have been described elsewhere, 
so that it is only necessary to record the type of experiment made. The 
rat was guillotined, the blood allowed to drain from the skull on to 
filter paper, and the brain removed as quickly as possible and cleaned 


with filter paper. The separate parts required were selected using a glass _ 


dividing rod and a bone spatula. They were thoroughly minced and mixed 


with the bone spatula, This forms a teased preparation of brain tissue. 


When more than one part of the brain was being used, two workers 
prepared the tissue simultaneously. The teased tissue was placed in 
amounts of about 100 mg. into tared Barcroft bottles containing the 
experimental solution. After weighing, it was thoroughly divided with a 
glass crusher. The details to be observed for satisfactory duplicates have 
been recorded elsewhere. Observations on the oxygen uptake were made 
with the precautions described by Dixon and Elliott [1930], usually in 
the Barcroft differential apparatus filled with O,. The experiments were 
carried out at 38° C. over periods of 2} hours after a preliminary period 
of shaking for 12 min. 

Effect of warm teasing. In a recent paper [Peters, Rydin and 
Thompson, 1935] it has been shown that pigeon’s brain tissue has a 
higher respiration in lactate and pyruvate solution (but not in succinate) 
if minced on a “warm” (38°C.) rather than upon a “cooled” plate 
(ice). The catatorulin effect is also magnified in the “warmed” tissue. 
The same phenomenon occurs in rat brain tissue, as was shown in four 

. A preliminary account of this work has appeared in Proc. Biochem. Soc. Chem. Ind. 


(1935), 54, 173. 
29—2 
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experiments all giving similar results. The data from one of these are 
recorded in Table I. 


Taare I. The effect of “warm” and “cool” teasing and of pyrophosphate on the rates of 
respiration of mixed samples from whole brain. Expressed as yl. O,/g./hour. 
Temp. Period (hours) 


2300 
2420 


1700 
2070 
Cool L. 2030 1475 1100 

Lpp. 2170 1660 1430 


Note. L, Lactate-Ringer-phosphate; Lpp, Lactate-Ringer-phosphate with addition of 
pyrophosphate. 


3130 
2800 


The effect of pyrophosphate. Peters and Sinclair [1933] showed that 
pyrophosphate tended to stabilize the respiration of teased brain tissue 
of the pigeon and that it magnified considerably the catatorulin effect. 
Similar experiments indicate that it induces increased respiration in the 
tissue of rat’s brain though its effect in maintaining respiration is much 
less marked than in avian tissue (Table I). 

Respiration of avitaminous brain tissue. In view of the above results 
we have used the same conditions and solutions as in the investigations 
of pigeon’s brain, namely, Ringer-phosphate solution pH 7-3 with 


Taste Ila. Effect of vitamin B, upon the respiration of avitaminous rat’s brain in vitro. 
The medium was Ringer phosphate with lactate and pyrophosphate and where noted 
(+V) with vitamin hydrochloride added. O, uptake expressed in pl./g./hour. 

| Period (hours) 


2970 
2345 


1785 
2120 
1530 
1590 
2710 

2200 
2820 2370 
1695 
1825 
2125 
2170 


1560 
1755 
1385 
1630 


) single value. 


Exp. No. 
787 Cerebrum 


‘s 


induced by addition of vitamin 


Cerebellum 


Rest 


1290 
3 750 

a 1180 

2770 1650 1645 

q +V 2730 1670 1720 

a Rest 1320 1220 i 

Cerebellum 11600 3 
‘ +V  [770}* 
788 Cerebrum ( 2280 1980 

4 Rest (1870)t 1540 | 
4 Cerebellum 1305 905 Gag 
+V 1490 1220 
4 800 Cerebrum 1750 1455 a 
q +V 1920 1650 4 
Rest 1940 1225 1100 
+V 1970 1500 1380 
q Cerebellum 1760 1000 965 | 

+V 1950 1395 1145 | 

*[ ]doubtfol. + ( 
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addition of Na lactate (0-033 M) and Na pyrophosphate pH 7-3 (0-0094 M). 


It is probable that further research will establish better conditions for 


rat’s tissue. At this stage, however, we thought it more important to 
obtain evidence of the absence or presence of the vitamin B, effects than 
to investigate in detail the effect. upon respiration of changing the 
constituents of the solution. Experiments showed that as for the pigeon 
2y of vitamin hydrochloride [prepared by Kinnersley, O’Brien and 
Peters, 1933] in 3 ml. of solution produced maximal effects. The results 
are given in Table II a and B. 

In the tables “cerebrum” is used as short for cerebral hemispheres 
and “rest” indicates those parts of the brain including the medulla, 
other than cerebral hemispheres and cerebellum. All the observations 
unless otherwise stated are the mean of duplicate estimations for cere- 
-brum and the rest. With the cerebellum, only single estimations are 
possible, and therefore the values are not so reliable. The first 15 min. of 
respiration has been omitted, as the results are apt to be irregular. 

Table II has been divided into two parts; A gives the full details of 
three typical experiments; B is a summary table which gives the per- 
centage changes induced in the respiration by addition of vitamin B, in 
the thirteen experiments made. The averaged results for the different 
respiratory periods show clearly the general trend of results. Like the 
catatorulin effect with pigeon’s brain, the difference increases with time 
of respiration. Allowing for 5 p.c. as a possible error, in all the experi- 
ments, there is an increase produced by the vitamin in some part of the 
brain. In two experiments the change for cerebrum is trifling, and in one 
there is little effect for the “rest” until the last half-hour period. The 
‘explanation for this delay in the vitamin effect is to be found in Table ITI, 
where the effect of maximal and submaximal vitamin B, additions have 
been compared both in the rat and in the pigeon. 


Taste IIT. Delayed effect of slightly submaximal amounts of vitamin B,. 


O, uptake in pl./g./hour. 
Period (hours) 
Vitamin 2 A < 
Animal amount 0-} t+? #14 
Pigeon 10y 2400 2300 2040 1860 1645 
0-5y 2350 2175 1900 1645 1460 
Nil - 2060 1650 1360 1045 850 
Difference p.c.10-O0-5y - 2 ~ 6 - 7 -13 -13 
1-0-Nil -17 - 39 - 50 -78 — 94 
Rat 2-0y 3160 2650 2205 #1770 
0-5y 3210 2550 2030 1840 #1610 
Nil 2935 2405 1925 1650 1435 


Difference p.c,20-0-5y +2 -4 -+-8 -7 -10 
2-0-Nil 8 
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Table ITI shows that the respiration rate decreases much less rapidly 
with the added vitamin as compared with no added vitamin, and that 
the percentage difference becomes progressively larger; the maximum 
action in this respect is produced by 1-0-2-0y vitamin. With 0-5y vitamin 
the respiration’ only began to differ from 1-0 to 2-0y by 10 p.c. after 
1} and 1# hours respectively. If therefore a rat brain when thoroughly 
mixed happens to have at the start }-} of the maximum possible vitamin 
content, and if we compare then the respiration rate with and without 
added vitamin, we should expect as in the above experiments to observe 
a marked difference between respiration with and without vitamin only 
after a variable period, which would depend upon the exact depletion in 
the tissue as a whole. This is believed to be the explanation of the 
apparent exceptions; in these cases the vitamin deficiency was either 
limited to a small part of the brain sample, or was slightly submaximal 
over the whole. These experiments could not decide between these latter 
possibilities. However, in our opinion Tables II and III may be taken to 
establish a definite deficiency in the avitaminous brain though small in 
comparison with that in the pigeon. 


Respiration of normal brain. 
A similar series of experiments with nine normal brains gave in three 
typical experiments the results recorded in Table [Va and the average 


Taste IVa. Effect of vitamin B, upon the respiration of normal rat brain in vitro. Medium 
as in Table II. O, uptake expressed l./g./hour. Typical experiments. 


Period (hours) 

Exp. No. Tissue +} 1}-1} 1}-2} 
791 Cerebrum 3100 2550 2205 2040 
” +V 3225 2670 2170 2060 

Rest | 2550 2020 1630 1520 

os +V 2465 1920 1595 1460 

Cerebellum 2435 2265 1500 1620 

9 +V 2600 1950 1580 1405 

796 Cerebrum 2750 2165 1910 1745 
»” +V 2925 2250 2000 1805 

Rest 2090 1820 1480 1430 

” +V 2290 1950 1660 1520 
Cerebellum 2610 2070 1690 1450 

ae +V 2780 2140 1765 1550 

806 Cerebrum 3850 2310 1950 1735 
| ” +V 2850 2460 2060 1695 
Rest 2380 1950 1725 1530 

*” +V 2320 2045 1725 1510 

Cerebellum 1820 1620 1330 1130 

ae +V 1820 1330 1245 1065 


| ™ 
| 

; 
a 
| 
MY 
~ 
: 
3; 
ig 
d 
‘ 
Ay 
‘Sa 
B 
ay 
4 
> 
4 
| 
¥ 
7 
we 
+ 
Z 
q 
Lo 


460 J.R. OBRIEN AND R. A. PETERS. 


Tazz IV ». Normal rat’s brain. Peroentage changes in respiration induced by vitamin B, 


Cerebrum Rest 


(3) 4 (2) (3) 


+ 

+ 
+ 
+ 
+ 


+38 488 +82 +79 


Average p.c. —0°5 —0-4 09 +05 -04 - 


+i +t 
oRl 


Averagepc. -27 - 68 26 35 
Periods: (1) }-} hour; (2) #-1} hours; (3) 1}-1} hours; (4) 13-2} hours; ( ) single value. 


changes p.c. in Table IVs. It was here found more difficult to obtain 
good duplicates, a fact which by analogy with the pigeon work suggests 
strongly that there is a missing essential substrate. In no rat, except that 
with the doubtful cerebellum in Exp. 796, could an effect of vitamin B, 


be demonstrated. In several cases it will be noted vitamin produced an 
apparent inhibition. 


It is clear that the effect which vitamin B, has upon the vitamin-— 


deficient brain it does not have on the normal. The phenomenon is so 
like that observed in the pigeon that it was thought unnecessary at this 
stage to perform a series of experiments as in the pigeon with rats cured 
by dosing with vitamin B,. 

Pyruvate estimations. Determinations of pyruvic acid as bisulphite 
binding substance (Table V) by the method of Clift and Cook [see 
Peters and Thompson, 1934] have been made upon trichloroacetic 

acid extracts of avitaminous and normal tissue in some of the experi- 
ments. They are again so closely confirmatory of the general results for 
pigeons that it seemed unnecessary to explore the question further. 


Vitamin B, is here shown to act as an agent for removing the abnormal 
of pyruvate formed. 
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V. Determination ofthe biulphite binding substances in brain tissue of rts 
Results are expressed in mg. of pyruvic acid per g. of tissue. 


Cerebrum Optic lobes and rest Cerebellum 


NoV Nov Vs NoV v 
796 1-74 — 166 158 142 259 

Average 1-43 1-33 1-38 1-44 1-82 2-16 
Avitaminous 787 279 262 160 134 368 410 
$16 808 
2191-26 
Average 311 192 215 169 261 


V indicates addition, No V indicates no addition of crystalline vitamin hydrochloride. — 
Error of estimation is approximately +0-02 mg. pyruvic acid. 


Comparison of the oxygen wptakes in normal and avitaminous brains. . 
Before the discovery that vitamin B, could influence the respiration of 
the brain of the avitaminous pigeon, Guha [1931] examined the brain — 
tissue of avitaminous rats in lactate-Ringer-phosphate solution and con- 
cluded that the oxygen uptake was not lowered at the stage of con- 
vulsions. In our experiments pyrophosphate is also present and the 
tissue is differently prepared. Mr R. B. Fisher has examined the value 
of the oxygen uptake over two 1-hour periods by statistical methods 
and concludes that there is a significant difference in our results between 
normal and avitaminous brains. Under our conditions, therefore, the 
conclusion of Guha is not supported. It must be realized that the 
lowered oxygen uptake by itself proves nothing in relation to the avita- 
minosis unless data are also obtained upon the brains of starving animals 
dosed with vitamin B. The point at the moment does not seem very 
important in view of the definite action of vitamin B, in vitro. 

Localization of the avitaminous lesion. In the present experiments it 
has not been possible to correlate the severity of the symptoms and the 
length of time during which they have been present with the degree of 
the avitaminous lesion in vitro, nor has it been so far possible to define 
the site of the lesion (see Table II). In previous work on the pigeon 
there have been grounds for the hypothesis that the changes most 
associated with the symptoms of opisthotonus were related to the lower 
parts of the brain and the optic lobes [see also Rydin, 1935]. The 
experiments with the rat support the central origin of the symptoms but 
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give no clear answer to the question: What part of the brain is the seat 
of the biochemical changes that give rise. to the convulsions? If the 
oxygen uptake is considered, then Exps. 787, 788, and 803 exclude the 
cerebral hemispheres. In all cases, however, the effect of vitamin B, is 
obvious in either cerebellum or the “rest”. 

Turning to the pyruvate, it is observed that the largest effects upon 
pyruvate are in the cerebrum in Exp. 788 with no influence upon the 
oxygen uptake. This is curious and requires investigation, It is possible 
that relatively more vitamin is needed to stem the formation of the 
abnormal amount of pyruvate than to alter the oxygen uptake. In 
support of this there can be quoted the finding of Peters, Rydin and 
Thompson [1935] that more pyruvate appears when there is less tissue 
in the Barcroft bottle and consequently less residual vitamin. This is 
substantiated by the higher values of pyruvate per g. tissue observed 
with cerebellum as compared with the values for the other parts; here 
the amounts of tissue were limited. In any case, it must be remembered 
that the convulsions need not necessarily be associated with abnormality 
in a large part of the brain. » | 


Discussion. 


_ Since mammalian brain shows essentially the same phenomena as 
avian brain when deprived of vitamin B,, a difficulty is removed in 
believing that the phenomena exhibited by avian brain are general. 
Quantitatively the effects are not of the same order as those found in the 
pigeon under the same conditions. A recent experiment is here appended 
where the respiration of two optic lobes+rest from a bird with head 
retraction was observed with and without vitamin. The difference in 
respiration was over 100 p.c. 


Taste VI. Optic lobes and rest from pigeon. O, uptake yl./g./hour. 


-Medium as in Tables II and IV. 
Period (hours) 


For the moment there is no doubt that the pigeon’s brain is the more 
suitable for exploring the biochemical function of vitamin B,. It appears 
that in the mammal a small deficiency of this vitamin is less well tolerated 
and leads more rapidly to dangerous symptoms, | 
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» CoNncLustons. 


1. A study has been made of the respiration in vitro of teased brain 
tissue from rats both normal and exhibiting neuritic symptoms of : 
vitamin-B, deficiency. 

2. The respiration in the brain of avitaminous rats is increased by 
addition of vitamin B,; negligible effects occur with the normal. 

3. As in the pigeon, vitamin B, reduces the formation of abnormal 
amounts of pyruvate in the respiring avitaminous rat’s brain. 

4. The symptoms of the avitaminosis observed in the rat and the 
pigeon are central in origin and have —— the same biochemical 


origin. 


Our thanks are due to the Medical Research Council for a grant towards expenses and 
for a personal grant to one of us; also to M. R. Kempson and R. W. Wakelin for skilful 
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SLOW POTENTIAL WAVES IN THE SUPERIOR 
CERVICAL GANGLION. 


By J. C. ECCLES. 
(From the Laboratory of Physiology, Oxford.) 
(Received July 30, 1935.) 


In recent years it has been established that relatively slow changes of 
electrical potential are associated with almost all forms of nervous 
activity, and the relation of such potentials to the various physiological 
states of nervous tissue has received close attention. Amberson and 
Downing [1929] review much of the older literature and themselves 
suggest that the negative after-potential of peripheral nerve (the reten- 
tion of action current of Levin) may be analogous to the process which is 
responsible for the phenomenon of facilitation in reflex activity, a view 
also suggested by Forbes, Davis and Lambert [1930]. This suggestion 
has since received support from the experiments of Graham [1934], who 
finds that the negative after-potential of peripheral nerve is closely 
associated with a supernormal phase of excitability which is absolute 
with respect to the normal excitability. Further, Gasser [1935] has 
shown that the positive after-potential of peripheral nerve is accompanied 
by a phase of subnormal excitability [cf. Graham, 1933], and hence 
points out the significance of such states of peripheral nerve in relation to 
facilitation and inhibition in the central nervous system. In the non- 
medullated vagal fibres the spike is followed by a short positive after- 
potential, the negative after-potential being inconspicuous [Bishop, 
1934], but it is not clear that this positive after-potential is homologous 
with that observed with medullated nerve fibres. 

In 1931 sustained negative potentials spontaneously arising in nerve 
cells (dendrites negative to axon) were shown by Adrian and Buyten- 
dijk and Adrian to be directly associated with the discharge of impulses, 
though it was thought that the excitatory state responsible for facilitation 
was a preparatory change leading up to the surface depolarization 
assumed to be responsible for the negative potentials. Slow potential 


— 


| 
aw 
H 
t 
az 
S 
4 
a 
| 
| 
a 
rs 
7 
a 
> 
4 
¥ 
| 
4 
4 
a 
4 
“a bes - 
wa 
bys 


ne 


SLOW POTENTIAL WAVES IN GANGLION. 465 


changes in the opposite direction were not observed, but it was suggested 
that they might occur during inhibition [Adrian, 1931]. 

More recently the problem of slow nervous potentials has been ap- 
proached from different angles by Gasser and Graham [1933] and 
Hughes and Gasser [1934a, b] on the one hand, and by Granit [1933] 


‘and Granit and Therman [1935] on the other. The slow potential 


changes in the spinal cord, negativity followed by positivity, which 
Gasser and his co-workers find to be associated with reflex activity, have 
time courses which suggest the identification of negativity with the 
excitatory state and positivity with the inhibitory state, and such an 
inference of identity would seem to be involved in the hypothetical 
suggestions at the end of the second paper of Hughes and Gasser. 

Granit’s analysis [1933] of the retinal action potential, which un- 
doubtedly is due to the activity of the nervous components of the retina, 
has shown the existence of three processes with associated potential 
changes. Of these the positive PII is directly associated with the 
discharge of impulses along the optic nerve fibres, while the negative 
PIII inhibits this discharge [Granit, 1933; Granit and Therman, 
1935]. In relation to the nerve cells of the retina, the nomenclature of 
the retinal action potentials is the reverse of that elsewhere adopted, 
hence these results are in striking agreement-with those obtained with 
other nervous tissues. 

This paper gives an account of an investigation of the slow negative 


_ and positive potential waves which, as described in previous papers 


[Eccles, 1934a, 6, 1935a], are set up in the superior cervical ganglion 
by @ preganglionic volley. It is shown that this complex potential wave 
is produced by two overlapping processes of opposite electrical sign. 
Further the interaction of these processes is studied under various condi- 
tions and the important question of their relationship with the excitatory 
and inhibitory states of the ganglion cells [Eccles, 1934a, b, 19350] is 
investigated. The method of experiment is similar to that described 
previously [Eccles, 1935a]. 
RESULTS. 
A. General considerations. | 
In a previous paper [Eccles, 1935a] it was shown that a preganglionic 

volley gives rise to two types of action potential in the superior cervical 
ganglion. The type dealt with in that paper was shown to be set up by 
the discharge of impulses from the ganglion cells along their axons, the 
postganglionic fibres, ¢.¢. it was the ordinary spike potential produced by 
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the propagation of impulses in nervous tissue, in this case the axon and 
probably the perikaryon and dendrites of the ganglion cell as well, and as 
such was accompanied by a diphasic artefact, there bemg usually four 
spikes, S,, S,, S, and S,, corresponding to the four distinct groups of 
ganglion cells. The other type of action potential was distinguished from 
these spike potentials, both by a very rapidly decremental spread from 
the ganglion along the postganglionic fibres, and by bemg removed by 
concentrations of nicotine too dilute to affect the spike potentials. The 
part of the complex ganglionic action potential which is thus distinguished 
from the spike potentials is the latter part of the negativity (with the 
exception of the usually diffuse S, spike potential), and with the exception 
of the diphasic artefact possibly the whole of the positivity (ganglion 
positive to the postganglionic trunk). It is proposed to call these potential 
waves respectively the slow-negativity and slow-positivity, these terms 
being used merely to describe the observed electrical potentials without 
reference to the attempt at analysis which will be made in the next two 
sections. 

The decremental spread of slow-positivity along the postganglionic 
trunk is typically shown in Text-fig. 1 in which the maximum potentials 
of the S, and S, spikes and of the slow-positivity have been plotted 
against the corresponding distances of the earthed lead from the upper 
pole of the ganglion, the grid lead being kept fixed on the cut end of the 
postganglionic trunk. Some of the observations are shown in PI. I, fig. 1. 
As stated previously [Eccles, 1935a], the relatively small decrease of 
the potential of the S wave during postganglionic propagation is probably 
no more than can be accounted for by the temporal dispersion of the 
individual impulses, the relatively forward shift of the diphasic artefact, 
and the proximity of the killed region of the postganglionic trunk. 

On the other hand, with the exception of the “‘killed end” effect 
during the last 4 mm., the rapid spatial decrement of the slow-positivity 
in Text-fig. 1 resembles an electrotonic spread in being approximately 
' exponential, the equation for the curve being P, = P, e~*, where P, and P, 
are respectively the maximum slow-positivities with the ganglionic lead 
and with the postganglionic lead at a distance x cm. from the ganglion, 
and a is a constant which varies from 4 to 5 in different experiments. So 
far as has been observed the slow-negativity behaves similarly, and histo- 
logical examination [Heusner, 1935] shows that there are no outlying 
ganglion cells in the postganglionic trunk to provide an explanation. 
Now potentials produced by ganglion cells must spread electrotonically 
down the postganglionic fibres, and, from what is known of electrotonus 
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in other nerve fibres, it seems very probable that this electrotonic spread 
_ would be sufficiently large to provide an explanation of the spread 
actually observed. For example, Bogue and Rosenberg [1934] always 
found a more extensive spread with the frog sciatic, the value of a, the 
electrotonic constant, in the above equation being as low as 1-5. 


mV. 


S2 


| -. Text-fig. 1. For each position of the earthed lead on the ganglion or postganglionic trunk 

a the potentials of the S, and S, spikes and of the slow-positivity SP are plotted as 
ordinates against the distance of the earthed lead from the distal pole of the ganglion, 
the grid lead being fixed on the end of the isolated postganglionic trunk 8 mm. beyond 
the ganglion. 


The resistance capacity coupled amplifier which has been used through- 
out this research distorts the shape of the slow potential waves— 
especially the latter part of the slow-positivity. This distortion has been 
minimized by increasing the condensers and the grid leak resistances so 
that for each stage the product of the capacity in microfarads and 


35 
§ 
: 
ay 
~ : 
ve 
2 
; 
va 
a 
3 
S 
0+2 
3 
4 
4 
0-1 
4 
| 
a 
4 
ae 
a 
By 


468 J. 0. ECCLES. 


resistance in megohms has not been below 16. The deflection produced 
by @ constant input potential falls to about 85 p.c. in 0-5 sec.—a time 


approximating to the total duration of the slow-positivity. This test is, 


however, needlessly severe, for the initial phase of negativity would 
produce a partly compensating distortion in the opposite direction, and, 
for most of its duration of 0-5 sec., the slow-positivity is well below its 
full intensity. In Text-fig. 2 there is shown a normal ganglionic action 
potential together with an approximate construction of the base line 


Text-fig. 2. The continuous line is a normal ganglionic action potential, and the broken line 
represents the approximate time course along which the amplifier distorts the initial 
zero potential (shown by the line of the time scale), — ae 


representing the initial zero of the electrical potential. At any point the 
displacement of this base line from its initial level has been determined 
by calculating the displacement produced by a constant input potential 
whose aggregate effect (potential x time) is identical with that of the 
action potential previous to that point. The measurements which have 
been made throughout this paper have been made from a straight line 
drawn from the initial base line tangentially to the record at the end of 
the slow-positivity. In Text-fig. 2 this tangent has not been drawn, but 
it clearly approximates closely to the true electrical base line which is 
shown by the broken line. Such a base line also provides an approximate 
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correction for the small spontaneous drifts on which the action potential 
is often superimposed. Some of these drifts are undoubtedly due to the 
respiratory movements of the animal, but at times they appear to be 
- produced by small variations in temperature or evaporation in the region 
of the electrodes. 


B. Effect of altering the strength of the preganglionic stimulus. 


Pl. I, fig. 2, shows a typical series of ganglionic action potentials 
(earthed electrode on the ganglion, grid on the isolated postganglionic 
trunk) in which the strength of the preganglionic stimulus has been 
progressively weakened, the amplification being increased, as shown, for 
the smaller responses. In series of observations such as those of Pl. I, 
fig. 2, the maximum potentials of the S wave, the slow-negativity and the 
slow-positivity have been measured and plotted as in Text-fig. 3 against 
the respective stimulus strengths. As the stimuli become smaller, the 
slow-positivity in Text-fig. 3 decreases relatively more rapidly than the 
slow-negativity, and with very weak stimuli it can no longer be detected 
though the slow-negativity is still present. In every experiment (20 in 
all) in which the effect of weakening the strength of the preganglionic 
stimulus has been systematically investigated, the slow-positivity has 
also diminished more rapidly than the slow-negativity, though in some 
it has still been detectable even with the weakest stimuli that have been 
used. When the slow-negativity is well developed with weak stimuli, it 
persists longer than the point of maximum positivity with strong stimuli 

(cf. Text-fig. 7). 

~ ‘The above results suggest that the potential record of slow-negativity 
followed by slow-positivity is due to two overlapping potential waves of 
opposite signs: a negative wave which commences at least as soon as the 
end of the S wave, i.e. within 6 msec. of the ganglion cell discharge and 
gradually passes off at about 200 msec.; and a positive wave which 
commences at some point earlier than about 40 msec. after the stimulus 
and gradually passes off at about 500 msec. All subsequent evidence 
confirms the separate existence of these two waves, which may be called 
the N and P waves respectively. 

Both these potential waves must be set up in the ganglion ee pre- 
ganglionic impulses, which may for convenience of discussion be termed 
N and P impulses, the corresponding preganglionic fibres being N and P 
fibres. In employing these terms it is not assumed that these fibres are 
distinct from the S,, S,, S,, S, and the inhibitory fibres already described 
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Text-fig. 3b. 


Text-fig. 3. The potentials of the spike S and of the slow-negativity SN and slow-positivity 
SP have been plotted as ordinates against the preganglionic stimulus strengths in 
arbitrary units as abscisse, the points for strengths of 10 and less being shown on a 
larger scale in Text-fig. 3b. The S, and S, spikes were not separably measurable, but 
the transition from S, to 8, is shown by the inflection of the 8 curve at a strength of 
about 10. The potential scale for the S curve is half that for SN and SP. 
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a [Eccles, 19356]. The N and P waves must be produced by the corre- 
__ sponding impulses either as a result of special actions on the ganglion 
cells, or as a result of the discharge of impulses by those cells. 


The N wave. 


As the weak stimuli in Text-fig. 4 are further weakened, both the 


N and S, waves become smaller, but the latter decreases more rapidly 
than the former, and with the weakest stimulus it has completely dis- 
appeared, only a small N wave being detectable. Although in many 


experiments both an N and an S, wave have been present even with the © 


weakest stimuli (cf. Text-figs. 3 and 5), in no experiment has the threshold 
for WN fibres been higher than for S,. In fact extrapolation, e.g. in Text- 


fig. 3, almost always indicates the reverse. These experiments suggest 


. the possible identity of the N and S, fibres, the small N wave sometimes 
detectable in the absence of S, being explained as an effect of S, impulses 
_ which are subliminal for setting up ganglion cell discharge [Eccles, 
19350]. Moreover, it seems that at least some of the N wave is produced 
by a special action of preganglionic impulses on the ganglion cells, and is 
not the result of the discharge of impulses by those cells. 

The increase of N as the stimulus is strengthened cannot be followed 
with certainty in the presence of the P wave, for the extent of the over- 
lap must first be determined. For example, in Text-figs. 3 and 5 it is 
suggestive that the abrupt cessation in the increase of slow-negativity 
corresponds with the phase of the most rapid increase in the slow-posi- 
tivity. However, in many experiments, e.g. Text-fig. 4, as the stimulus is 
strengthened, the N wave continues to increase at strengths beyond the 
maximum for the S, wave. This increase seems far greater than could be 


a explained by the supraliminal excitation of the S, ganglion cells, so 


presumably some of the WN fibres are not S, fibres. 
This presumption is supported by experiments in which action 
potentials have been recorded from those ganglion cells (S,, S, and S,) of 
the superior cervical ganglion whose axons pass along either the external 
carotid branch or the upper cervical grey rami, the earthed lead being on 
the ganglion and the grid on the branch in question [cf. Eccles, 19354, 
section H]. With such leads the S, spike is not recorded, nor is the slow- 
negativity which is set up by a preganglionic stimulus below the 8S, 
threshold. However, when the stimulus is above this threshold, both 
the S, spike and the slow-negativity are recorded. This suggests both 
that the N waves set up by the weakest preganglionic stimuli are con- 
fined to the S, ganglion cells, and that parts at least of the N waves 
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Text-fig. 4. As in Text-fig. 3 in another experiment. The 8, curve could not be plotted for 
7 stronger stimuli as it was partly fused with the large S, spike. 
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Text-fig. 5. As in Text-fig, 3 in another experiment, 
but the potential scales are different. . 
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produced by stronger stimuli (above the S, threshold) belong to the S, 
ganglion cells and are set up by the corresponding preganglionic impulses. 

Most of the N wave must be produced during the spike S and its 
diphasic artefact, for it cannot be detected before S, and it is always well 
developed by the end of S. In order to determine the time course of this 
early part of the N wave it would therefore be desirable to use pregangli- 
onic stimuli so weak that only an N wave was set up. The potentials of 
the N wave under such conditions 
are never more than 5yV and often 
much less, but so far as can be deter- 
mined the latent period of the N 
wave does not differ greatly from S, , 
and the maximum is not reached 
until about 15-20 msec. later. 

More reliable evidence of this late 
maximum is provided by ganglionic 
action potentials in which only the 
early S, spike is set up. Text-fig. 64 
_ shows that the N wave then appears --V- 
to reach a maximum at about 
20 msec. after the beginning of the | 


 §, spike, but no precautions had | 
been taken to remove the diphasic 
artefact. This should be abolished by 


painting the postganglionic trunk Texte, 6. 


under the grid lead with 2 p.c. 
cocaine [Bishop, 1934], and Text- 
fig. 6C shows that after this treat- 
ment the N wave is well developed 
at the end of the S, spike, but its late 
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maximum is practically unaltered. 
However, the depression following the facilitated second mikes in Text- 
fig. 6 B is removed by the cocainization (Text-fig. 6D), and so presumably 
it is the diphasic artefact. The apparent absence of a diphasic artefact 
after the large facilitated S, spike in Text-fig. 6 D shows that the depres- 
sion following the spike in Text-fig. 6C cannot be due to the diphasic 
artefact partly surviving the cocainization. Thus Text-fig. 6C gives a 
picture of the N wave which is complicated only by the monophasic 8S, 
spike, and the dotted line shows the probable early course of this part 
of the N wave. 
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Beyond the maximum at about 15-20 msec. the decline of the N 
wave is at first convex upwards but later is concave. The latter part of the 
decline is approximately exponential in character, and no N wave can be 
detected at about 150-200 msec. (Text-fig. 11; Pl. I, ~— 2, observation 1; 
Pj. Il, fig. 5, observation 1). 


The P wave, 


Many experiments (cf. Text-fig. 5) are similar to Text-fig. 3, the P 
wave disappearing as the stimulus is weakened, while the S, and N 
waves remain. In other experiments a small P wave is present even with 
the weakest stimuli that set up an S, spike (Text-fig. 4). Presumably 
there is no fundamental difference between these two groups of experi- 
ments. It may be that with weak stimuli the P wave may be too small 
to be detected. Alternatively the former experiments indicate that the 
P wave is not set up by S, preganglionic fibres or by the discharge of 
impulses from S, ganglion cells, 7.e. that P impulses are distinct from 
S, impulses; the latter experiments would then differ from the former in 
having a group of P fibres with thresholds similar to the S, fibres, but 
presumably distinct from them. 

Most of the P fibres have thresholds similar to the S, preganglionic 
fibres, for the P and S, waves are almost similarly affected by alterations 
in the strength of the preganglionic stimulus (Text-figs. 3 and 5). The 
only significant difference is provided by the low threshold P fibres. This 
- indicates that part at least of the P wave is not set up by the discharge of 
impulses from S, ganglion cells; but it does not necessarily distinguish 
between the 8, and P impulses in the preganglionic fibres, for some S, 
impulses are set up by stimuli below the threshold for the discharge of 
S, ganglion cells [Eccles, 19356]. However, the large P wave produced 
in some experiments by stimuli subliminal for the S, spike (Text-fig. 4) 
could hardly be produced by the relatively few S, fibres which must be 
excited under such conditions. The evidence from the preganglionic 
thresholds may not therefore indicate the identity of the S, and P fibres. 

- With a maximal preganglionic stimulus the maximum positivity of 
the ganglion is usually reached at 100-150 msec. after the beginning of 
the S wave (Text-figs. 2 and 7), and thereafter the positivity declines 
along a curve at first convex upwards and later concave upwards, i.e. 
towards the negative side, zero usually being reached in about 500- 
600 msec. This latter part of the curve, though approximately exponen- 
tial in its return to the initial zero potential, always approaches it at a 
rate becoming sie sania: faster than exponential. Part at least of this 
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deviation from an exponential curve must be due to distortion by the 


- resistance capacity coupled amplifier. It is doubtful, however, whether 


amplifier distortion is sufficiently large to be responsible for the whole 
deviation. 

With a weak preganglionic stimulus setting up a small P wave, the 
maximum positivity is usually reached later than with a maximum 
stimulus (Text-fig. 7), and, as the stimulus is still further weakened, this 
point of maximum positivity becomes progressively later. It is clear in 
Text-fig. 7 that this is due to the N wave becoming relatively larger than 


0 100 200 300 400 500 msec. 


Text-fig. 7. Ganglionic action potentials set up by stimuli whose strengths in arbitrary 
units are shown to the left of the initial base lines. The arrows mark the points of 


maximum positivity. 


P as the stimulus is weakened. The maximum positivity merely represents 
the point at which the previously more rapid decay of N becomes slower 
than that of P; and this would occur later when N was relatively larger, 
the limiting value being set by the duration of the N wave, which is 
usually about 200 msec. In experiments such as Text-fig. 4 where, as the 
stimulus is weakened, N decreases almost as rapidly as P, there is, as would 
be expected, no appreciable change in the point of maximum positivity. 

In experiments where the N wave is small relative to P, the point of 
maximum positivity is reached in an unusually short time, ¢.g. as early 
as 80 msec. after the beginning of the S wave. This early maximum is not 
due to an unusually rapid positive wave, for the rate of decay is normal, 
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the end of the positivity being at about 500 msec. after the S wave, but 
it is apparently associated with the small N wave, an inference in agree- 
ment with the above conclusion that at the point of maximum positivity 
the decay of N becomes slower than that of P. 

In Text-fig. 5, which is typical of many experiments, it will be seen 
that strengthening the stimulus beyond a certain point diminishes the 
slow-negativity—in fact the positive potential continues on from the 
diphasic artefact of the S wave, there being no phase of slow-negativity. 
The increased and prolonged diphasic artefact of the S waves set up by 
the stronger stimuli is not responsible for this abolition of the slow- 
negativity, for all the measurements of the negativity in Text-fig. 5 were 
made at the same interval from the S wave and beyond the diphasic 
artefact. The abolition of the slow-negativity as the stimulus is strength- 
ened is, however, always associated with a large increase in the slow- 
positivity (cf. Text-fig. 3). It therefore seems probable that the P wave 
is large as early as the end of the S wave, but is usually eclipsed by the 
larger N wave. Presumably in other experiments where the slow- 
negativity is progressively increased as the stimulus is strengthened 
(Text-fig. 4), P also overlaps with N just as with Text-figs. 3 and 5, the 
difference being that the increase in P is never greater than that in N. 
The potential of the N wave is greater than the slow-negativity by the 
positive potential of this overlapping P wave, and results such as Text- 
fig. 5 indicate that the, potential of P is large even immediately after the 
S wave, but these experiments do not give any evidence specific enough 
to allow even an approximate separation of the N and P waves in this 


region of overlap. Such evidence is provided by the action of nicotine 
described in the next section. | 


C. The action of nicotine. 


When a 0-01 p.c. solution of nicotine is painted on the ganglion, or 
when about 1-0 mg. per kg. body weight is injected intravenously, both 
the N and P waves are removed [Eccles, 1935a], but the S waves are 
only removed by considerably larger doses. In some experiments smaller 
amounts of nicotine affect the N and P waves similarly, the potentials of 
both being diminished. Most experiments lie between this type and the 
opposite extreme type which is illustrated by Text-fig. 8. The super- 
imposed tracings of the action potentials show that the latter part of the 
P wave is not affected by the first painting with nicotine, but the point 
of maximum positivity is much earlier and lower. The records with the 
submaximal stimuli show clearly that the nicotine has diminished and 
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shortened the N wave, and this effect provides a complete explanation 


of the effect on the responses to maximal stimuli, if it be assumed that 
normally, 1.e. before the action of nicotine, the P wave is maximal right 
under the S wave, the normal increase in positivity beyond that point, 
being due to the more rapid decay of the concurrent N wave. — 


S, 


L 
0 100 200 300 msec. 


Text-fig. 8. The superimposed records are the ganglionic action potentials evoked by a 
maximal preganglionic volley, the upper one being before and the lower after painting 
the ganglion with 0-0025 p.c. nicotine. The next lower record shows the effect of a 
further painting with nicotine. The two lowest records are the action potentials 
evoked by a submaximal preganglionic volley before and after the first application of 
nicotine, the potential—time scale being identical with that for the maximal responses. 


This explanation fits in well with the results obtained by a further 
painting with nicotine (Text-fig. 8). There is then an almost complete _ 
removal of the small remaining N wave, but the P wave is now also 
diminished and shortened. Further applications of nicotine still further 
shorten and diminish the P wave until eventually it may be completely 
removed. As the nicotine effect passes off, the changes occur in the 


a reverse order, 3.e. P returns first and then N returns, and gradually 


increases and lengthens. 
In five other experiments the phase of increasing positivity has also 
been completely removed by nicotine, and in many others it has been 
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greatly shortened, the action of nicotine on the N wave being with them 
apparently less specific. 

The only reasonable explanation of these results is that stated above 
and illustrated diagrammatically in Text-fig. 9, which shows the way in 
which the component N and P waves (shown by the continuous lines) 
would sum to give the normal action potential. The P wave is drawn as — 
suggested by Text-fig. 8, and the N wave is then constructed so that the 
summed potential gives the normal action potential of Text-fig. 8. The 
time course of the N wave so constructed is seen to be very similar to 
that obtained for weak submaximal action potentials uncomplicated by 
a P wave (cf. Text-figs. 6 and 11), i.e. the N waves set up by low and high 
threshold N fibres run similar time courses. Further, this solution agrees 
closely with the tentative conclusions drawn in the previous section, for 


Text-fig. 9. The N and P waves are constructed as described in the text so that they sum to 
give the normal action potential of Text-fig. 8. The broken lines show their suggested 
early courses, on which the spike potentials and the diphasic artefact are superimposed. 


it was there shown that the P wave must at least be large immediately 
after the S wave. Moreover, no subsequent evidence conflicts with this 
solution, which for the present may therefore be accepted as correct. 

If the S waves of Text-fig. 8 be closely examined, it will be seen that 
the action of nicotine has reduced the potentials of both the S, and S, 
waves (measured from the initial zero potential). However, in this and 
similar experiments the potential of the S, wave is not greatly altered if 
measured from the diphasic artefact, .c. the diminution of the N wave 
is accompanied by a diminution of the S, potential (relative to the initial 
zero). Now this effect could not be due to the paralytic action of nicotine 
on some ganglion cells, for the submaximal responses (Text-fig. 8) are 
not diminished—in fact they are increased owing to the sensitizing action 
of nicotine [Eccles, 19356, section F]. The N wave apparently is con- 
siderably developed under the S, summit, and even partly under the S, 
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summit, hence the lowering of these summits observed in experiments in 
which WN is selectively removed by nicotine, P being unaffected. In 
experiments where P and N are removed together by nicotine, no diminu- 
tion of the S waves is observed. The development of P therefore appears 
to parallel that of NV, 7.e. there is some P even at the S, summit and the 
P wave is considerably developed at the time of the S, summit. The 
suggested early course of the N and P waves is shown in Text-fig. 9 by 
the broken lines. It is to be noted that this early part of the N wave in 
Text-fig. 9 agrees with its suggested course in Text-fig. 6C (cf. section B). 

Both the N and P waves are produced by impulses in preganglionic 
fibres, and the thresholds of these fibres do not differ appreciably from 
that of the S, and S, fibres, so presumably the preganglionic conduction 
time is also similar. The slowness of the N and P waves does not allow an 
accurate determination of the preganglionic conduction time in the N 
and P fibres, but the above suggestion is supported by the absence of 
appreciable separation of the S, and S, waves on the one hand and the 
N and P waves on the other when the preganglionic pathway is length- 
ened. The suggested rising phases of the N and P waves in Text-fig. 9 
presume that the corresponding N and P preganglionic impulses give 
rise to the N and P waves after latent periods but little different from the 
synaptic delays of the S, and 8, ganglion cells. 

The delayed maximum of the N wave cannot be explained by slow 
_ preganglionic conduction in some fibres, for such a delay could not be as 
long as 20 msec., and it would have to occur even for the lowest threshold 
preganglionic fibres. It is most probably due to the relatively sluggish 
nature of the ganglion cell response to the incident N impulses, the 
response not reaching its maximum until 20 msec. after the incidence of 
these impulses. Presumably this also happens for the P wave. These 
ganglion cell responses will receive further consideration in the next 


per. . 

As the P wave is increased by progressive strengthening of the 
preganglionic stimulus, there is never any appreciable alteration in its 
duration or in the time course of that part which the analysis of Text- 
fig. 9 places beyond the N wave. When the N wave is selectively dimin- 
ished by nicotine, the time course of the earlier part of the P wave is 
also unaffected by strengthening the stimulus (cf. Text-fig. 8). It is 
therefore concluded that the P potential waves set up by low and high 
threshold P fibres run similar time courses. When N has been removed 
by nicotine, the curve of decay of P is a closer approximation to an 
exponential curve, hence part at least of the apparent deviation from 
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this curve is probably due to the small tail of the N wave which persists 
for some time after the maximum positivity. 

In experiments such as that illustrated by Text-fig. 8 the course of the 
last part of the P wave is unaltered even when the N wave is very greatly 
diminished by the nicotine action. Moreover, the above analysis of the 
normal action potential (Text-fig. 9) shows that the time course of the 
N wave is not appreciably altered by the development of the P wave as 
the stimulus is strengthened; hence it may be concluded that the 
N and P wavesrun their courses independently of one another. 
The independence of N and P waves is further illustrated by the variable 
selectivity of the action of nicotine in different experiments. Thus N 
and P may be equally sensitive to nicotine, or N may be almost entirely 
removed while P is unaffected; and all intermediate conditions exist 
between these two extremes. P never appears to be more affected than N. 

Now it has been argued that the N and P potential waves represent 
the time course of potential differences existing somewhere between the 
outside of the ganglion cell and its dendrites on the one side and the 
inside of the axon at its origin from the ganglion cell on the other 
[Eccles, 1935a]. The independence of N and P waves shows that these 
potentials are produced by processes which are independent of one 
another, though the actual potential differences conceivably could be 
produced at the same place, ¢.g. across the same membrane. 


D. The effect of crushing the postganglionic trunk. 3 
Text-fig. 10 shows a typical series of records in which, as shown in 
the accompanying diagrams, the postganglionic trunk has been crushed 
at points between the leading electrodes progressively nearer to the 
ganglion. Crushing at more than about 4mm. from the ganglion is 
without influence on the N and P waves, its sole effect being to change 
temporarily the S waves from the diphasic to the monophasic type. When 
the crushed region is nearer to the ganglion, Text-fig. 10 shows that both 
the slow-negativity and the slow-positivity are diminished and the point 
of maximum positivity is earlier, though the total duration of the slow- 
positivity is not appreciably altered. These results conform with the 
solution developed in the previous sections, and show that crushing the 
postganglionic trunk diminishes the N wave more than P. As the crush- 
ing approaches still nearer to the ganglion, both the N and P waves are 
further diminished and the S wave becomes smaller. 
At first sight these results appear to indicate that the N and P waves 
are largely produced by the postganglionic fibres in the first part of their 
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course from the ganglion, N spreading more than P. However, if this 
inference were correct, the P and N waves should be larger with leads from 
the postganglionic trunk near the ganglion than with ganglionic leads, 
which is manifestly not true, e.g. Text-fig. 1. It may therefore be 
concluded that the production of the N and P waves by the ganglion cells 
themselves is in some way diminished by crushing the axons of these 
cells, the effect being greater the nearer the crush is to the cell body. 
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Text-fig. 10. Series of ganglionic action potentials evoked by maximal preganglionic volleys, 
the postganglionic trunk being crushed progressively nearer to the ganglion as shown by 
the shaded areas in the accompanying diagrams. With the lowest record the ganglion 
is crushed right up to the earthed lead and the amplification is increased. The arrows 
mark the points of maximum positivity. 


Presumably this effect is related to the depression of the spike potential 
and the negative and positive after-potentials which is produced in the 
region of crushing of a nerve [cf. Bishop, 1932; Gasser, 1935], a relation- 
ship which is also indicated by the simultaneous diminution of the S waves 
in Text-fig. 10. 
E. The interaction of N waves. 

The effect which an N wave produced by a previous preganglionic 
volley might produce on the N wave set up by a second preganglionic 
volley has been investigated in a series of experiments in which two 
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preganglionic stimuli have been applied at various intervals (Pl. Il, 
fig. 5). In order to escape complication by P waves, very weak stimuli 
are used with the result that the N waves are so small that accurate 
analysis becomes difficult. In analysing such observations as those 
illustrated in Pl. II, fig. 5, the action potential set up by the first volley, 
as recorded in control observations, has been subtracted from the 
combined action potential. The subtracted curve so derived gives an 
indication of the effect of the first volley on the action potential set up by 
the second, but it would only be an accurate indication of this action 
potential if the first action potential continued its course unaffected by 
the second volley. 


0 50 100 msec. 2 
Text-fig. 11. Subtracted action potentials (VN wave only) for the observations of Pl. II, 


fig. 5, the stimulus interval being indicated for each observation. C is the control curve 
for the second response alone. : 


For the observation at the shortest stimulus interval in Text-fig. 11, 
which is typical of such experiments, the potential of the N wave of the 
subtracted curve is less than that of the normal control (measured 
relative to the final potential), but. at the longer intervals the N wave is 
larger and decays more rapidly than the control curve. When this occurs 
the first volley has always set up a small P wave (as also has the second), 
which has been partly submerged under the N wave, and the increase of 
the N waves of the subtracted curves, which occurs as the stimulus 
interval lengthens, runs concomitantly with the decay of the first N wave 
and the consequent appearance of this submerged P wave. In the next 
sections it will be seen that a pre-existent P wave always causes an 
increased N wave to be set up. Acs 

With short stimulus intervals the decreased N wave of the sub- 
tracted curve (Text-fig. 11, interval 15-5 msec.) has been found in almost 
all experiments, and in no experiment has a definite increase been ob- 
served. To some extent at least the decrease of the N wave may be a 
result of facilitation, which runs a similar time course (see Discussion). 
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It certainly occurs with stimulus intervals much longer than the 
refractory period. 

When the stimulus interval is short, the rising phase of the N wave 
following the second stimulus usually lies entirely under the S, spike 
(cf. observations 2 and 3, fig. 5, Pl. II, and Text-fig. 6C and D), and, as 
the stimulus interval lengthens, the rising phase of this N wave reappears 
(cf. observation 5, fig. 5, Pl. II), being especially well developed when the 
N wave is increased by a background P wave (cf. observations 4 and 5 
with observation 2, fig. 6, Pl. II). Thus it seems that a pre-existent N 


wave increases the speed at which the N response of the ganglion cell 
develops. 


F. Interaction of the N and P waves set up by two maximal volleys. 


Pl. I, fig. 4, shows a typical series of ganglionic action potentials — 
which are produced by two maximal preganglionic volleys at various 
intervals apart, and in Text-fig. 12 these observations and others of the 
same series have been analysed as was done with Text-fig. 11. During 
their last 250 msec. the slow-positivities of all these subtracted curves 
are practically coincident with the slow-positivity set up by the second 
volley alone. A similar approximate coincidence has been present in the 
other seven experiments in which a similar investigation has been carried 
out, and suggests that the second volley does not remove the P wave of 
the first volley. According to the analysis of Text-fig. 9 this latter part of 
the slow-positivity is due to the P wave uncomplicated by N, so it may 
be suspected that the diminished slow-positivity in the early part of the 
~ subtracted curves is due to the increased N wave (see later), the whole 
course of the P wave of the subtracted curves being identical with that of 
a normal curve. 

This possibility can be tested in experiments such as that illustrated 

in Text-fig. 13 in which the N wave is removed selectively by nicotine 
— (ef. section C). With short stimulus intervals the slow-positivity of the 
subtracted curve is, in its early part, much less than that of the normal 
control, while later there is the usual approximate coincidence. In such 
an experiment it does not seem possible that the early deficiency of 
positivity in the subtracted curves can be due to an increased N wave. 
One presumes therefore that the increase of the N wave is also not the 
only factor in the similar early deficiency obtaining in subtracted curves 
where the N wave is normally present (Text-fig. 12). The fully developed 
P of the latter part of the subtracted curve indicates that the P impulses 
of the second preganglionic volley have produced their full effect, but in 
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its early part this effect has failed to give rise to its normally sized positive 
potential difference, i.c. it seems that a distinction can be drawn between 
a P process and the positive potential difference (the P wave) which it 
gives rise to. 3 | 


Text-fig. 12. Ganglionic action potentials evoked by a second maximal preganglionic volley 
as determined by subtracting the first action potential from the combined action 
potential. The spike and its diphasic artefact are not shown. The record marked C is 
the control curve of the action potential set up by the second volley alone, and the 
numbers at the beginnings of the other curves give the stimulus intervals in milli- 
seconds. In every case the second stimulus occurs at zero on the time scale. — 


300 400 msec. 


Text-fig. 13, A series of subtracted action potentials as in Text-fig. 12, but the N wave has 
been completely removed and the P wave shortened by the intravenous injection of 
0-3 mg. nicotine per kg. body weight. The spikes are not shown. 


The observations of Text-fig. 13 suggest that there is a limiting value 
for the P potential which this P process is able to set up, for in these 
observations two volleys even in quick succession failed to set up a 
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positivity greater than that of a single volley. The observations of Pl. I, 
fig. 4, are typical of all experiments in the absence of nicotine, two volleys 
_ at ashort interval producing a slow-positivity greater than that produced 
by asingle one, but, as the interval increases, the slow-positivity following 
the second volley decreases to a value less than that of a single volley. 
Nevertheless, when plotted with the first volleys synchronized (cf. Text- 
fig. 14), the curve of slow-positivity at any stimulus interval always falls 
below that for all shorter stimulus intervals. With these long intervals 
the slow-positivity of the subtracted curve is also greater than at short 
intervals (Text-fig. 12), but the increase is not sufficient to compensate 
for the associated decrease of the first response. 


Text-fig. 14. The action potential evoked by the first maximal preganglionic volley is marked 
C, and the other four records show the courses of the action potentials after a second 
maximal preganglionic volley, the stimulus interval being marked in milliseconds at the 
beginning of each curve. Again the spikes are not shown. The arrows indicate the 

- times of the second stimuli for the four records of Text-fig. 15. 


At short stimulus intervals in Text-fig. 14 the slow-negativity of the 
second response is low (relative to the initial zero potential) and increases 
to normal as the stimulus interval is lengthened; however, in the sub- 
tracted curves of Text-fig. 12, which are typical of all experiments, the 
slow-negativity is much greater than normal and this increase appears to 
be related to the depth of the positivity obtaining at the time of the 
second response. Part of this increased slow-negativity must be produced 
by the diminished P of the subtracted response (see above), but it cannot 
all be due to this, for in some experiments the slow-negativity of the 
second response is absolutely greater than it is in the control observations ; 
_ the second volley must therefore give rise to an increased N wave (cf. 
section E). In some experiments the subtracted second responses show 
a diminished slow-negativity at the shortest intervals. Presumably this 
is similar to the partial occlusion of the N wave which was observed in 
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In Text-fig. 15 the early parts of the subtracted curves of Text-fig. 12 
are plotted together with additional observations of the same series. The 
subtracted curves for intervals of 60 and 225 msec. are practically super- 
imposed, as also are those for intervals of 94 and 131 msec. Reference to 
the control curve for the first volley alone (see the arrows in Text-fig. 14) 
shows that, when the second volley is setting up its N wave (cf. Text- 
fig. 9), the slow-positivities of the first response would be practically 
identical for the 60 and 225 msec. intervals and for the 94 and 131 msec. 
intervals. This agreement, which has 
also been indicated in other experi- ‘ 
ments, suggests that the increased slow- 2 as 
negativity of the second response is 
directly caused by the slow-positivity 
of the first response obtaining at the 
time of action of the second volley. If, 
as with P, an N process be envisaged of 
which the N wave is the potential sign, 
the second N volley acting during a 
period of slow-positivity either sets up 
a more intense N process, or the same 
intensity of N process gives rise to a 
larger negative potential difference. i 

when the second volley is set upduring “tervals chown tn 
a pre-existent positivity, its S wave and in Text-fig. 14 by the arrows. 
much higher above its base line 
(in this case the potential curve of the at up of the V wave (cf. Text- 
first volley) than it does in the control ~ ~ 
curve. In Pl. I, fig. 4, as in most experiments, this increased ascent 
does not completely compensate for the positive trough from which 
the S, summit takes off, 1.e. the actual S, summit is at a lower absolute 
potential than the control curve (see observations 2, 3 and 4), but 
in some experiments the increased ascent is more than compensatory. 
However the increase in the height of the S, wave is always less than that 
of the slow-negativity, but always runs closely parallel to it, so presum- 
ably both are due to the same factors, namely occlusion of the P wave and 
increase of the N wave set up by the second volley. Most of the P and N 
waves must therefore be produced before the S, summit, confirming the 
conclusion already derived from analysis of the nicotine action (section C, 
Text-fig. 9). When the S, summit is recognizable, it also shares in the 
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increased height, though to a less extent, so some of the P and N waves 
are produced even before that summit, a conclusion also derived from the 
nicotine action. If a maximal volley is set up in peripheral nerve during 
a positive after-potential, the spike potential is increased [Richards 
and Gasser, 1935], an observation which appears to parallel that here 
described for ganglia. 


G. Interaction of a maximal with a submaximal volley. 


Pl. I, fig. 3, shows part of a typical series of observations in which a 
first maximal volley is followed at a constant interval by a variable 
submaximal volley. Analysis of such records shows that both the slow- 
negativity and slow-positivity of the second submaximal volley are 
affected in the same way as with a maximal volley, thus providing 
confirmation of all the conclusions drawn in the previous section. With 
small second volleys (observations 5 and 6) the increased slow-negativity 
must be due to an actual increase in the N wave, for it cannot be 
adequately explained by occlusion of the very small P wave. A small 
increase of slow-negativity is usually observed when the second volley 
sets up only an S, wave, and the relative increase usually becomes larger 
as the second stimulus is strengthened so as to bring in the S, wave, an 
effect which may be associated either with an action of the S, pregangli- 
onic impulses during the slow-positivity, or with the inhibition of the S, 
wave which also occurs during the slow-positivity (see Discussion). 

When, conversely, the size of the first volley is varied, the increase of — 
the slow-negativity produced by a second maximal volley is directly 
related to the intensity of the pre-existent slow-positivity set up by the 
first volley. This confirms the previous conclusion that the occlusion of 
the P wave and the increase of the N wave are due to this pre-existent 
positivity. | 

H. Interaction of the N and P waves set up by 
two submaximal volleys. 


Text-fig. 16 shows the superimposed action potentials set up by two 
similar weak submaximal volleys at various intervals together with the 
control curve for the first volley alone. It is obvious that the second 
volley has increased the slow-positivity by an amount much greater than 
is accountable for by direct summation. Calculation of the subtracted 
curves for Text-fig. 16 shows that this facilitation of the slow-positivity 
is not’produced by occlusion of the N waves, for it is even present when 
the slow-negativity is also increased (interval 91 msec.). There must be a 
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facilitation of the P waves, and in addition the N wave must also be 
facilitated for the observation of Text-fig. 16 at the longest interval. 
This facilitation of P waves is always produced by the interaction at 
short intervals of two volleys producing minimal P waves [see Text-fig. 2, 
Eccles, 19356]. It rapidly passes off as the stimulus interval lengthens, 
being usually inappreciable at intervals longer than 100 msec. As the 
stimuli are strengthened, the facilitation passes over to the occlusion 
observed with maximal stimuli (cf. Text-fig. 12). At the shortest interval 
of Text-fig. 16 the diminished facilitation may be attributed to the 
refractory period of the preganglionic pathway, though in section I an 


an 


Text-fig. 16. Superimposed ganglionic action potentials evoked by two identica sub- 
maximal preganglionic stimuli at various intervals, the times of the second stimuli 
being shown by the four arrows. There is a considerable facilitation of the S, and S, 
spikes and of the P wave. 


additional explanation is suggested. The rate of decay of the facilitated — 


P waves is always increased, and with the observations of Text-fig. 16 the 
last parts of the subtracted curves are superimposed, but some facilitated 


P responses, as determined by subtraction, appear to be lower than the — 


normal P curve throughout their whole course (cf. Text-fig. 18, intervals 
of 15 and 30 msec.). | 

The N waves of the subtracted responses seem to be occluded at 
short stimulus intervals, though it is difficult to allow for the effect of the 
increased P wave. At longer intervals the N wave is certainly increased, 
presumably on account of the developing slow-positivity of the first 
response (cf. section E). As shown in Text-fig. 16 the point of maximum 
positivity after the second stimulus is earliest with the shortest intervals, 
and becomes later as the interval lengthens. In conformance with the 
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previous conclusions (section C) this would be expected to happen as a 
result of the relative variations in the magnitudes of the NW and P waves. 
When the N waves of weak submaximal responses are selectively 
removed by nicotine, the P wave facilitation at short intervals is replaced 
by an occlusion comparable with that occurring with maximal responses 
at short intervals, and, as the nicotine effect passes off, the P facilitation 
returns with the reappearing N wave. It therefore seems that the facili- 
tation of the P wave of the second response is caused by the pre-existent 
slow-negativity of the first response, This conclusion is the obverse of the 
previous conclusion that the facilitation of the N wave of the second 
response is caused by the pre-existent slow-positivity of the first response, 
and it indicates a reciprocal relationship between the N and P waves. 


I, Interaction of N and P waves set up by two volleys in 
different preganglionic fibres. 

The problem of the interaction of the N and P waves has yet to be 
treated from two points of view: 

(1) Is the interaction local, occurring at the region of the pre- 
ganglionic terminals, or is it a generalized phenomenon of the ganglion 
cell? 

(2) What interaction occurs between the N and P waves set up by 
two volleys at a very short interval apart? 

An answer to both these questions is provided by experiments in 
which one preganglionic volley has been set up in one branch of the 
annulus Vieussens and one in the other, Pl. II, figs. 6 and 7, being 


: examples of series of such observations. In fig. 6 and the observation of 


fig. 7 at the longest interval, pre-existent slow-positivity is seen to 
produce an increased N wave exactly as when both volleys were in the 
same preganglionic fibres. There is also occlusion of the P wave under 
such conditions, but in both figures the effect of the increased N wave on 
the height of the S wave is not obvious on account of the large S, inhibi- 
tion, the slow-negativity even being higher than the S, spike in observa- 
tion 4 of fig. 6. 

At shorter intervals there is usually occlusion of both the P and N 
waves exactly as occurs with both stimuli to the same nerve. For example, 
compare the subtracted curves for PI. II, fig. 7, with those derived from a 
series of later observations in which both stimuli were applied to the same 
(larger) branch of the annulus (Text-figs. 17a and b). However, at the 
shortest stimulus interval (8 msec.) of Text-fig. 17 both the P and N 
waves of the subtracted curve suffer a further reduction which is not 
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paralleled by the results of Text-fig. 17a. This sudden decrease at short 
intervals, when both stimuli are applied to the same nerve, occurs over 
just that range of intervals which confirms the obvious suggestion that it 
is due to the relatively refractory period of the preganglionic fibres. In 


Text-fig. 17a. Subtracted maximal action potentials (cf. Pl. II, fig. 7) as in Text-fig. 12, 
but the first stimulus is applied to the larger branch of the annulus Vieussens and the 
second stimulus to the other branch at the indicated stimulus intervals. Subsequent 
records suggest that the slow-positivity of the action potential C evoked by the second 
stimulus alone is too large. 


Text-fig. 176 Subtracted maximal action potentials of a later series of observations in the 
same experiment, both stimuli being applied to the larger branch of the annulus 
Vieussens. C again shows the action potential evoked by the second stimulus alone. 


Text-fig. 18. As in Text-fig. 17a, but in another experiment (cf. Pl. IT, fig. 6). The stimulus 
interval is indicated for each curve. 


the absence of a refractory period effect, ¢.c. when the two stimuli are 
applied to different branches of the annulus Vieussens (cf. Text-fig. 17a), 
no appreciable difference in occlusion usually occurs as the short stimulus 
interval is further shortened to simultaneity. 

The subtracted curves for the observations of Pl. II, fig. 6, at short 
stimulus intervals illustrate an unusual type of response, which appears to 
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be associated with the particularly large slow-negativity (Text-fig. 18). 
The P wave is facilitated for stimulus intervals ranging from 70 to 
15 msec, (optimum 15-30 msec.) but not at simultaneity. Other observa- 
tions of the series show that the transition from this phase of P wave 
facilitation to the occlusion at simultaneity occurs at a stimulus interval 
of about 4 msec. 

An indication of a diminished P facilitation at short intervals has also 
been observed in experiments in which facilitation occurred when both 
preganglionic volleys were in the same fibres (cf. Text-fig. 16), but the 
influence of refractory period could not then be certainly excluded, 
although at intervals as long as 15 msec. one would expect that this would 
not produce the diminution of facilitation actually observed. There may 
therefore be a similar explanation for the observation of Text-fig. 18 and | 
observations such as that of Text-fig. 16, namely that the maximum of 
the N wave, which seems responsible for the facilitated P wave, is not 
attained until 15-20 msec. after the first impulses reach the ganglion cells 
(sections B and C). That the very large N wave is responsible for the P 
wave facilitation in Text-fig. 18 was shown by the disappearance of this — 
facilitation when the N wave was selectively removed by nicotine (cf. 
section. H). 

Throughout its whole course the facilitated P wave of Text-fig. 18 
appears to remain below the normal control P wave, there being no return 
to this original curve as occurred with Text-fig. 16. This suggests that the 
P impulses have then actually set up more of the postulated P process of 
which the P wave is the potential sign. 


The N and P waves. ; 


From the results of the preceding section it may be concluded that 
two successive volleys, whether in the same or different preganglionic 
fibres, interact similarly in so far as the production of the N and P waves 
is concerned. The basis of this interaction must therefore be the 
ganglion cells on which these preganglionic fibres converge. 
Moreover, the interaction cannot be a phenomenon localized 
to the region of the synapses; the effect of incident N and P 
preganglionic impulses must spread at least to the region of 
incidence of other N and P impulses. Actually the experiments 
with both volleys in the same preganglionic fibres also show that this 
spread must occur for the interaction of N impulses with P and vice versa, 
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but do not prove this spreading interaction of N with N and P with P. 
As a corollary it follows that each of the numerous ganglion cells in which 
this interaction occurs must have more than one of the N and P pre- 
ganglionic fibres incident on it. | 

Experimental evidence (section F) has suggested that the P wave and, 
presumably, the N wave are merely the electrical potentials of corre- 
sponding processes which are set up by the P and N preganglionic 
impulses and which control their interaction, i.e. the possibility is 
envisaged that these hypothetical N and P processes and the 
potentials they produce are not localized to the regions of 
the preganglionic terminals (synapses), but, on the contrary, 
are generalized responses of the ganglion cells, there being an 
integration within the ganglion cellof the effects produced by 
the impulses incident on it. An analogous integration of the ex- 
citatory and inhibitory activities of the diverse parts of the cardiac 
pacemaker has been postulated to explain both its normal rhythmic 
production of beats, and its reaction to various experimental procedures 
[Eccles and Hoff, 1934; Brown and Eccles, 1934a, 5}. 

Such analyses of the N and P interaction as have been possible 
indicate that a reciprocal relationship obtains between N and P, and it 
is possible to state the following general propositions which seem to 
govern the production of the hypothetical N and P processes and the 
associated N and P potential waves, though it is not clear how far it is 
justifiable to distinguish between these potential waves and the hypo- 
thetical processes. 

(1) The P process of a ganglion cell is always produced by impulses 
in certain preganglionic fibres, the P fibres, and similarly the N process 
by the N fibres (sections B and C). The relationship between these fibres 
and the excitatory and inhibitory fibres will be discussed later. 

(2) Both the P and N processes are generalized responses of the 
ganglion cell and are associated with the production of opposite electrical 
potential differences. With P the outside of the cell and its dendrites is 
positive (relative to the normal resting condition) to the interior of the 
axon at its origin from the ganglion cell body, with N it is negative 
[sections A and I; Eccles, 1935a). 

(3) Both the N and P potential waves also spread decrementally 
down the axons of the ganglion cells, the spread apparently being 
electrotonic (section A). 

(4) Once set up these processes and their associated potentials run 
their courses independently of one another. The latent period of both NV 
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and P is very short, probably no longer than the synaptic delay, but a 
maximum is not reached until about 20 msec. later. N decays more than 
twice as rapidly as P, and in their latter part both decay in an approxi- 
mately exponential manner, N disappearing in about 200 msec. and P in 
about 500 msec. 

(5) Both N and P waves are precluded by nicotine in doses which és 
not block the transmission of impulses through the ganglion, N being 
usually more sensitive to nicotine than P (section C). 

(6) Pre-existent P and N (processes or potentials) affect in an oppo- 
site manner the production of P and N by subsequent P and N impulses 
incident on that ganglion cell (sections E, F, G, H and I). Thus: 

(a) Pre-existent P in excess of N increases the production of N 
(tnuilitation) and diminishes that of P (occlusion), conversely— 

(6) Pre-existent N in excess of P increases the production of P wd 
diminishes that of N. 

This last proposition suggests that the P and N processes are analogous 
respectively to the states of katelectrotonus and anelectrotonus of 
muscle or nerve [cf. Erlanger and Blair, 1931]. Thus, when a ganglion 
cell is polarized by N, it reacts so that there is a diminished response to 
further N impulses and an increased response to P impulses, while the 
reverse holds when it is polarized by P. This reaction of the cell to N 
and P may be the cause of the normal spontaneous decay of N and P, or 
at least it may be an accelerating factor in this decay. The presumed 
electrotonic spread of the N and P waves along the axons of the ganglion 
cells conforms with this suggested electrotonic nature of the N and P 
of the ganglion cells themselves, and indicates the probable electrotonic 
basis of part at least of their spread within the ganglion cell. 


The relation between c.e.s. and the N process. 


The investigations of this and the preceding paper show that the 
c.e.s, and the N process are similar in many respects, the relevant 
experimental evidence for S, and S, ganglion cells being tabulated below. 
S, and S, ganglion cells have not been investigated. 

(1) The temporal course of c.e.s. as depicted by a facilitation curve 
for S, ganglion cells (cf. Text-fig. 19) is usually very similar to the N wave, 
the simultaneous presence of’a P wave apparently accounting for the 
rare discrepancies. It is not certain how much stress can be placed on the 
similarity of the rising phases of the facilitation curve and of the N wave, 


as refractory period would interfere with the former [cf. section B, | 


Eccles, 19356]. With the S, ganglion cells the decay of the facilitation 
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is usually much quicker than the N wave; but, if allowance is made for 
the simultaneous presence of c.i.s, [section J, Eccles, 19355], the c.e.s. 
of the S, ganglion cells appears to decayno more rapidly than the N 
wave. 


(2) An N wave is always set up when the excitatory impulses are 


incident on ganglion cells. Thus it is associated even with subliminal 


excitation, and, as the preganglionic stimulus is strengthened, N in- 
creases along with S (allowance being made for P), a correlation suggest- 
ing the identity of the N impulses, with the S, t.e. with the — 


Text-fig. 19. For each point the potential of the facilitated S, response to the second of 


two similar submaximal stimuli (measured as a fraction of the second response alone) — 


is plotted against the corresponding stimulus interval. The curve shows the course of 
the slow-negativity of the first response alone, the potential scale being chosen to show 
the similarity of the temporal courses of the two processes. 


(3) Both the N wave and c.e.s. survive, at least to some extent, the 
discharge of impulses by ganglion cells, for both appear after the maximal 
discharge set up by a maximal preganglionic volley, and run time courses 
with similar rates of decay [section D, Eccles, 19356; section B]. 

(4) Nicotine has an almost identical action on c.e.s. and N, for both are 
quickly abolished by large doses, and as a rule are similarly diminished 
by smaller doses, the exception being provided by occasional experiments 
in which N appears to be relatively less affected [section F, Eccles, 
19356; section C}. 

(5) Neither N nor c.e.s. has been affected by the only otlier sub- 
stances whose actions have been investigated, namely, eserine, strych- 
nine, ether, and nembutal [section F, Eccles, 1935 b). 

(6) The absolute potential of the N wave varies in different experi- 
ments and the degree of facilitation usually varies similarly. Such 
variations as occur need not be regarded as serious discrepancies in the 
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otherwise close correspondence between c.e.s. and the N process, for, owing 
to differences in the electrical conditions of the tissues, e.g. variations in 
shunting, a variable proportion of the actual N potential would be re- 
corded in different experiments, and the relation between N process and 
N potential might also vary. 

(7) The discharge of an impulse by a ganglion cell is probably asso- 
ciated with a diminution in the c.e.s. of that cell [section E, Eccles, 
19356). No corresponding diminution in N wave has been proved, though 
such an effect could provide at least a partial explanation of the S wave 
increasing more rapidly than the N wave as a preganglionic stimulus is 
strengthened from threshold (section B). It also could provide a partial 
explanation both of the diminished N wave which often occurs at the 
same time as the increased discharge of facilitation (section E), and of 
the increased N wave, which occurs during a background P wave, for 
under such a condition there is often an inhibition of the ae of 
many ganglion cells (sections F and G). 


The relation between c.i.s. and the P process. 


As in the previous section, all the evidence relevant to the similarity 
obtaining between the P process and the c.i.s. of S, ganglion cells is 
tabulated below. No investigation has been made of the occasional 
slight inhibitions of the S, and S, — cells. 


ent 500 400 © 600msee. 


Text-fig. 20. As in Text-fig. 19, but to illustrate the similarity of the time courses of 
inhibition and slow-positivity. The points of the inhibitory curve are plotted as in 
Text-fig. 11 in the previous paper [Eccles, 19356). 


(1) The temporal course of c.i.s. as depicted by an inhibitory curve 
for S, ganglion cells is usually very similar to the curve of slow-positivity 
(cf. Text-fig. 20). However, these curves have been regarded as com- 
posite, the former of N and P waves (sections B and C), the latter of 
¢.e.8. and ¢.i.s. curves [section L, Eccles, 19356]. The curves for the 
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P wave and for the c.i.s. have both been determined approximately by 
analysis [section C; section L, Eccles, 19356], and correspond closely, 
rising quickly to a maximum within about 20 msec. and thereafter 
decaying slowly, eventually disappearing completely in 500-600 msec. 
Usually the c.i.s. outlasts the recorded P wave, but this discrepancy 
perhaps is explained adequately by amplifier distortion (section A) and 
by the polarization of tissues by local current flow. 

(2) The threshold stimulus for P is usually also the threshold for 
S, inhibition, and, as the stimuli are strengthened, the creases of P and 
inhibition always run closely parallel. However, in some experiments 
there is a small P wave with a lower threshold, which appears definitely 
to be associated with S, ganglion cells, for it has never been observed 
when the earthed lead is on the ganglion and the grid on the external 
carotid nerve or the upper cervical grey rami (cf. sections B and H, 
Eccles, 1935a], and in some experiments at least it corresponds closely 
with an inhibitory action on S, ganglion cells. | 

(3) Two preganglionic volleys at a short interval apart produce an 
inhibition and a P wave both of which are greater than with either volley 
alone. When the two volleys are large, the additional inhibition and 
P wave are both small, 4.c. both are partly occluded; but with small 
volleys the combined effect is greater than the sum of either of the 
corresponding individual effects, ¢.e. both are facilitated [section H; and 
section K, Eccles, 19356}. 

(4) Nicotine has an almost identical action on c.i.s. and P, large 
doses quickly abolishing both, while smaller doses similarly diminish both 
and accelerate their rates of decay [section C; section L, Eccles, 19356). 
As the nicotine action passes off, both effects recover together through 
the reverse series of changes. | 

(5) Neither P nor c.i.s. has been affected by the only other substances 
whose actions have been investigated, namely, eserine, strychnine and 
nembutal [section L, Eccles, 19350]. 

(6) The absolute potential of the after-positivity varies in different 
experiments, and the degree of inhibition usually varies correspondingly. 
However, there are undoubted exceptions, which may be explicable as 
above by the variable shunting in the tissues and by a variable relation 
between P process and P potential. An analogous variability has been 
found by Gasser [1935] for the relationship between the positive after- 
_ potential and the raised threshold of peripheral nerve. 
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The interaction between N and P. 


The N and P waves simultaneously set up by a preganglionic volley 
run their courses independently of one another (sections B and (), thus 
providing a parallel to the independence which has been suggested for the 
c.e.8, and ¢.1.8, also produced by that volley [Eccles, 19356, section L]. 

In experiments in which a third volley tested the combined effect of 
two previous volleys [Eccles, 1935), section K], the changes in re- 
activity of the S, ganglion cells, as indicated by their response to this 
third volley, corresponded closely to the potential change obtaining at 
the time of action of this volley. Thus, for example, a second volley set up 
during the phase of slow-positivity of the first is followed by an increased 
N wave (sections KE, F, G, H and I), and correspondingly there is a greatly 
diminished inhibition of a third volley acting during this N wave 
[section K, Eccles, 19356]. Again a second volley in the declining phase 
of slow-positivity of a previous volley produces an after-positivity of 
smaller absolute potential than when alone (section F), and corre- 
spondingly its inhibitory effect is also smaller [section K, Eccles, 19350). 


The relationship between the N and P waves of the ganglionic action potential 
amd the negative and positive after-potentials of peripheral nerve. 

It has recently been shown that in peripheral nerve the negative 
after-potential is associated with an increased excitability or supernormal 
phase [Graham, 1934], and the later positive after-potential with a 
decreased excitability or subnormal phase [Gasser, 1935], t.e. peripheral 


~ nerve exhibits a behaviour which resembles that described for ganglia. It 


has already been shown that with ganglia the N and P potential waves 


: probably arise almost entirely in the ganglion cells, spreading thence 


decrementally along their axons in the postganglionic trunk, and more- 
over it is only the excitability of the ganglion cells themselves which is 
known to be increased by c.e.s. and diminished by c.i.s.; hence any 
parallelism which exists must be between peripheral nerve fibres and the 
ganglion cells themselves. 

Now an increased excitability of the ganglion cells, c.e.s., produced by 
@ preganglionic volley is exhibited by those ganglion cells which were 
not excited to discharge an impulse, i.e. by the ganglion cells of the 
subliminal fringe, and there is also evidence that the N wave also arises 
in these ganglion cells of the subliminal fringe (section B), which of course 
could not have developed a negative after-potential analogous to that 
set up in peripheral nerve by a propagated impulse. Thus part at least 
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of the c.e.s. and the N wave of a ganglion cell cannot be analogous to 
the supernormal phase and the negative after-potential following the 
propagation of an impulse in a peripheral nerve fibre. 

With c.i.s. and the P wave the evidence is less certain, for a pregan- 
glionic volley which gives rise to an inhibition of S, ganglion cells and a P 
wave always sets up a discharge of impulses from S, ganglion cells, as 
also happens for the P wave and the occasional inhibition of S, ganglion 
cells. However, a discharge of impulses from S, ganglion cells may be 
set up without any detectable P wave, any positive after-potential 
analogous to that of peripheral nerve presumably being inappreciable for 
those ganglion cells. Again inhibition is far more variable in its distri- 
bution than would be the case if it were all due to a subnormal phase 
following the setting up of impulses by ganglion cells. Thus even within 
the S, group there is evidence that inhibition is restricted to some of the 
ganglion cells [sections H and K, Eccles, 19356], and with the S, and 
S, groups it usually is not detectable, though in some ganglia there is 
a considerable inhibition of these groups. 

Taken as a whole, the preceding evidence would seem to contra- 
indicate the identification of the c.e.s. and c.i.s. and of the N and P 
waves of ganglion cells with the changes set up in peripheral nerve 
fibres by the propagation of impulses. However, an antidromic volley 
also sets up in ganglion cells potential changes similar to N and P waves 
and corresponding changes in excitability resembling c.e.s. and c.i.s., 
though the N wave and c.e.s. are both much less than with a pre- 
ganglionic volley (Eccles, 1935c). This suggests that part of the N and 
P waves and the associated changes of excitability following a pre- 
ganglionic volley are set up indirectly, being produced by the discharge 
of impulses by the ganglion cells and therefore related to the negative 
and positive after-potentials of peripheral nerve. The analogy with after- 
potentials would be complete, if such potentials could be detected in 
peripheral nerve after sublimal stimulation. Presumably potentials must 
be associated with the anelectrotonic and katelectrotonic states of 
peripheral nerve. All these conditions are comparable in being the 
reactions of living nervous tissue to disturbances of the normal dynamic 
equilibrium obtaining under resting conditions. 


GENERAL CONCLUSIONS, 


It may be concluded that the evidence of the preceding sections very 
strongly supports the identification of the N process with c.e.s. and of the 


P process with c.i.s., an identification which has already been suggested — 
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by the experiments of Gasser and Granit and their co-workers, though 
the complexity of the nervous connections in the spinal cord and retina, 
e.g. the presence of internuncial neurones, precludes such definite results 
as are obtainable with the superior cervical ganglion. 

A striking correlation exists between the opposite effects of c.e.s. and 
c.i.8. on the reactivity of the ganglion cell on the one hand, and the 
opposite effects of the N and P processes on the potential difference 
between the outside of the cell and the interior of the axon hillock on the 
other. This correlation together with the above evidence for the identi- 
fication of the N process as c.e.s. and the P process as c.i.s. suggests that 
the reactivity of the ganglion cell is increased by c.e.s. on account of the 
increase in negativity of its exterior relative to the interior of the axon 
hillock, while conversely c.i.s. decreases its reactivity by the reverse 
change of potential. The reactivity of a ganglion cell thus appears to be 
conditioned at least partly by the resultant potential change produced by 
the opposing excitatory and inhibitory states, and so a ready explanation 
is provided for the otherwise inexplicable antagonistic effects of these 
states, for in the ganglion cell they do not interact directly, each running 
its course independently of the other [Eccles, 19356, sections K and L]. 


SUMMARY. 
By investigating the effects of preganglionic stimuli of different. 
strengths, and the actions of various concentrations of nicotine, the slow 
potential waves which are set up in a ganglion by a preganglionic volley 
are analysed into two independent potential waves of opposite electrical 
sign, the ganglion being negative to the postganglionic trunk with N and 
positive with P. They both appear to begin after a latent period com- 
parable with that for the S waves and both increase to a maximum at 
about 20 msec, later, after which they undergo a decay which in its 
latter part is approximately exponential. N decays more than twice as 
rapidly as P, hence the phase of increasing positivity in the summed 
action potential, and each runs its course independently of the other. 
Both N and P waves suffer a rapidly decremental spread from the 
gauylion along the postganglionic trunk, which is probably electrotonic 
in nature. N is usually diminished and may even be abolished by 
concentrations of nicotine which leave P and S (the spike potential) 
unaffected. When the postganglionic trunk is crushed just beyond the 
ganglion, N is diminished more than P or 8. 
The interaction of N and P has been tested by two preganglionic 
volleys of various sizes at varying intervals apart, and the following 
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conclusions have been indicated. When there is a pre-existent background 
of an excess of P over N, a preganglionic volley produces an increased N 
wave and a diminished P wave. Conversely when there is a pre-existent 
background of an excess of N, a preganglionic volley produces an in- 
creased P wave and a diminished N wave. These conclusions suggest a 
parallelism of N and P with the states of catelectrotonus and anelectro- 
tonus of nerve. 

There is some evidence that the N and P potential waves merely 
represent the potential signs of more fundamental processes N and P, 
which are generalized responses of the ganglion cells. There is consider- 
able evidence that the N wave is the potential sign of the process c.e.s. 
responsible for facilitation, and the P wave bears a similar relation to 
the inhibitory process c.i.s., i.e. the excitatory preganglionic impulses set 
up the N wave and the inhibitory impulses the P wave. 

These N and P waves are related to the — and positive after- 
_ potentials of peripheral nerve. 


The author wishes to thank the Christopher Welch Trustees for defraying the cost of the 
photographic plates and the Medical Research Council for a personal grant. 
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EXPLANATION OF PLATES |! AND Il. 


Prats I. 


Fig. 1. Action potentials set up by maximal preganglionic stimuli, the grid lead being on 
the isolated end of the postganglionic trunk and the earthed lead being on the ganglion 
with observation 1, and with observations 2, 3 and 4 on the postganglionic trunk 3-6, 
5-0 and 5-5 mm. respectively beyond the distal pole of the ganglion. In observation 1 
SN and SP mark the slow negative and positive waves and the arrow marks the 
stimulus artefact. Time 1 d.v.=10 msec. 


Fig. 2. Ganglionic action potentials evoked by preganglionic stimuli whose strengths in 
arbitrary units are for observation 1, 8-3; for 2, 10-0; for 3, 12-5; for 4, 16-7; for 5, 25; 
and for 6, 50. With observations 3 and 4 the amplification is 2-2 times that of 5 and 6, 
and with observations | and 2 it is 4-1 times greater. 


Fig. 3. Observations 1, 3 and 5 are ganglionic action potentials evoked by two 
stimuli at an interval of 186 msec., the first maximal (cf. control observation 7) and the 
second of varied strength, 2, 4 and 6 being control observations of the second alone. 
Time scale in seconds shown below. 


Fig. 4. Ganglionie action potentials evoked by two maximal preganglionic stimuli at 
various intervals, observations 4 and 6 being respectively the control curves of the 
second and first stimuli alone. Time scale below Fig. 3. 


Prats II, 


Fig. 5. Ganglionic action potentials evoked by two similar submaximal preganglionic 
stimuli, observation 1 showing the response to the second stimulus alone. 

Fig. 6. Ganglionic action potentials evoked by two maximal stimuli at various intervals, 
the first to the larger branch of the annulus, the second to the other branch. Observa 
tion 2 shows the response to the second stimulus alone. Time scale below Fig. 3, Pl. I. 


Fig. 7. As in Fig. 6 in another experiment. Observation 5 shows the response to the second 
stimulus alone, and observation 6 to the first alone. 
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THE FATE OF THE ANTIDIURETIC PRINCIPLE OF 
POSTPITUITARY EXTRACTS IN VIVO AND IN VITRO.} 


| By H. HELLER anp F. F. URBAN. | 
(From the Pharmacological Institute, University of Vienna.) 


| (Received July 30, 1935.) 


Tue fate in the body of the antidiuretic principle from the posterior 
part of the pituitary gland is unknown, but pharmacological evidence 
makes it unlikely that large amounts accumulate in an active state 
outside the pituitary gland. The total content of antidiuretic hormone in 
the neurohypophysis is very many times larger than the minimum amount 
of the hormone which is sufficient to inhibit water diuresis. : 

At present we have no method of determining the concentration of 
the antidiuretic principle in the blood. Great technical difficulties are 
therefore encountered in studying the fate of the normal secretion of the 
neurohypophysis. As a first step in our investigation of the fate of the 
antidiuretic hormone we sought to determine whether the antidiuretic 
component of commercial pituitary extracts is inactivated in the cere- 
brospinal fluid, in the blood or in the tissues. It was hoped that such 
knowledge of the fate and chemical reactions of commercial postpituitary 
extracts in the body might enable us finally to study the fate of endo- 
genous postpituitary hormone. 


METHOD. 


For the estimation of the antidiuretic potency of the body fluids and 


tissues J. H. Burn’s [1931] rat method has been used in all our experi- 
ments. 


5 p.c. of the body weight of warm tap water was given by stomach tube. This was 
followed by the subcutaneous injection of the test fluid or the test suspension. Four rats 
were placed together in one metabolism cage resting on a glass funnel which conducted the 
urine to a measuring cylinder below. Readings were taken every 15 min. The antidiuretic 
effect is conventionally measured by recording the time taken to reach the maximum rate 
_ of excretion. This will be referred to as the inhibition time. In practice the point at 


which half the total excretion is reached is sufficiently close to the point of the maximum 


rate of excretion. 
1 Preliminary report, Anz. Akad. Wiss. Wien (1934), 61. 
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Male rats, weighed every 5 days, were used throughout the experi- 
ments. The rats were starved for 8 hours before starting the experiments, 
and constancy of the period of starvation is important. The animals 
were housed and the experiments were performed in a room kept at 
constant temperature. They received a standard diet during at least a 
fortnight before the beginning of the experiments. Before giving the 
injection of postpituitary extract the normal water diuresis of each 


20 4 60 80 100 
Milliunits pituitrin 
Fig. 1. “The relationship between dose and antidiuretic activity of postpituitary extracts 
administered subcutaneously to rats. Ordinates indicate the delay of the maximal 
excretion of water. Each point of this and the following graphs represent a series of 
experiments performed on eight to forty rats. 


group of rats was determined. In a series of 120 rats it was found that 
after giving water the delay in establishing the maximum rate of urine 
flow is 96 min, This normal delay is obtained when no antidiuretic 
substances are given. Inhibition times which are greater than 96 min. 
are taken therefore as a measure of the antidiuretic activity of a test 
solution. The standardization of each group of rats with pituitary 
hormone must be repeated every month. Rats with septic foci due to 
bites or injections were immediately discarded and no group was kept 
32—2 
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longer than 6 weeks. The sensitivity of the various rat groups to the 
antidiuretic principle in postpituitary extracts was tested with doses 
ranging from 1 to 300 milliunits per 100 g. rat. The results are summarized 
in Fig. 1. It can be noticed that significant changes in the response to 
an increase of the dose are only experienced up to 10 milhiunits, and that 
then only large increases in the dose:of hormone produce further in- 
hibition. Quantitative results can only be reached therefore with doses 
up to 10 milliunits per 100 g. rat. However, most of our experiments 
have been devised to be all-or-none experiments, i.e. they indicated 
whether any antidiuretic activity was left in the test fluid or suspension 
in question. The pituitary extract used was kindly supplied by Messrs 
Chemosan-Union and was kept in a refrigerator. It contained on an 
average 10 units per c.c. when measured by the isolated uterus method. 
The antidiuretic potency was also compared directly with that of 
pitressin (Parke, Davis and Co.) by Burn’s method, and the two were 
found to be of equal strength. — 

Abel [1930] suggested that the vaso-pressin and oxytocin fractions of 
postpituitary extracts represent the result of a chemical cleavage of a 
single large molecule, which large molecule is the active principle of the 
naturally occurring hormone. In other words, Abel believes that vaso- 
pressin and oxytocin are not natural hormones but substances derived 
from the natural hormone which exhibit a part of its biological properties. 
While expressing no opinion as to the correctness of this view it would 
appear safer for the purpose of this paper to use a simple extract which 
possesses all the biological properties of the postpituitary gland rather 
than risk the administration of a substance with, perhaps, a different 
constitution and different physical properties. For the sake of simplicity 
the postpituitary extract used will be referred to as “pituitrin” in 
the following pages. | : 

RESULTS, 
(1) The absence of inactivation of pituitrin by fresh cerebrospinal fluid. 


Histological and physiological evidence [Herring, 1908; Cushing and ~ 


Goetsch, 1910; Dixon, 1923; Trendelenburg, 1924; Collin and 
Oliveira, 1934] indicates that the posterior pituitary hormone is 
secreted into the cerebrospinal fluid. It has been shown, however, that 
the concentration of the oxytocic principle is not equal throughout the 


subarachnoid space. It appears regularly in cerebrospinal fluid obtained — 


| by occipital puncture, whereas no traces of it could be demonstrated in 
the cerebrospinal fluid of the lumbar region [Mestrezat and Coulaert, 
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1926; Sato, 1928a]. The question arises therefore whether the active 
principles of the posterior pituitary are destroyed by the cerebrospinal 
fluid or the tissues lining the subarachnoid space or whether the hor- 
mones are absorbed into the blood or lymph. 

The possibility of inactivation of the antidiuretic principle by the 
cerebrospinal fluid in vitro was investigated. The fluid was obtained by 
occipital puncture of unanesthetized dogs, pituitrin was added and the 
mixture put into an incubator at 39°C. Samples were removed from 


time to time and their antidiuretic potency determined. 


TaBiE I, The absence of inactivation of pituitrin in vitro by cerebrospinal fluid. 


Inhibition time in min. 
1. Control animals recei 5 p.c. of body 97, 82, 67, 78, 85, 
weight of water 79, 82, 
2. Animals receiving 5 p.c. of body weight of 112, 75, 82 
water +0-4 c.c. 


fluid per 100 g. rat 
3. Animals receiving 5 p.c. of bod weight of 
cerebrospinal’ fluid 


water +0-4 c.c. 

containing 25 milliunits pituitrin vm 

100 g. rat: 
A. 0 hours in incubator 247, 207 
277 
3 280, 290 
D. 12 210 


* Each figure stands for the inhibition time of a group of four rats. 


It will be seen from Table I that the antidiuretic activity of the 
mixtures of cerebrospinal fluid and pituitrin remained unaltered after 
12 hours at 39°C. An inactivation of the antidiuretic principle by the 
cerebrospinal fluid therefore appears improbable and leaves the alter- 
native of either absorption from the subarachnoid cavity into the blood 
or inactivation in the tissues lining the subarachnoid space. 

(2) The inactivation of pituitrin in vitro by serum and blood. In each 
of the following series of experiments 50 milliunits of pituitrin were 
added to 1 c.c. blood or serum and the antidiuretic activity of the mixtures 
estimated after incubation for varying lengths of time. The blood of 
different species (man, dog, rabbit) was studied. 

(a) Serum and blood of dogs. The blood was collected from a small 
branch of the femoral artery of animals anesthetized with morphine and 
urethane. Defibrination was performed by shaking with glass beads for 
15 min. The serum of the defibrinated blood was obtained by centri- 
fuging. Such serum alone in the quantities used has no antidiuretic 
action, nor has serum kept at 39°C. for 12 hours an inhibiting action. 

| 32—3 
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Inhibition time in minutes 


Hours in incubator 


Fig. 2. Inactivation in vitro of the antidiuretic hormone in the defibrinated blood and 
serum of the dog. Temperature 39° C. Concentration 50 milliunits per c.c. The dotted 
line indicates the inhibition time of normal dog’s blood without pituitrin. 


80 


Fig. 3. In vitro: destruction of the antidiuretic hormone in the defibrinated blood of the 
rabbit. Temperature 39°C. Concentration 50 milliunits per o.c. The dotted line 
indicates the inhibition time of normal rabbit’s blood without pituitrin. In vivo: 
disappearance of antidiuretic activity from rabbit’s blood after intravenous injection 

“ of 4 units per kg. of pituitrin. It is evident that with doses of this order little can be 
inactivated by the slow in vitro inactivation during its circulation in the blood. 
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There is little difference between the inactivating action of defibrinated 
blood and of serum (Fig. 2). 

(6) Blood of rabbits obtained from the carotid artery (Fig. 3). 

(c) Defibrinated human blood. The blood samples were taken from the 
antecubital veins of healthy men between 25 and 30 years of age; 
60-100 c.c. were removed from each subject (Fig. 4). It will be observed 
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Fig. 4. Destruction in vitro of the antidiuretic hormone in defibrinated human blood. 
Temperature 38°C. Concentration 50 milliunits per c.c. The dotted line indicates 
the level of the inhibition time of normal human blood without pituitrin. 


in comparing curves 4, 3 and 2 that the antidiuretic activity disappears 
more rapidly from human blood than from the blood of the rabbit and dog. 

The rate of inactivation of the antidiuretic principle appears to vary 
according to the animal used ; but it is fairly constant for the defibrinated 
blood of a given species. 

It is evident that defibrinated blood and the serum of defibrinated 
blood are able to inactivate slowly large doses of pituitrin in wiro. 
Table II summarizes these results. 


Tasiz Il. Times of disappearance at 39° C. of antidiuretic activity from blood 
containing 50 units of pituitrin per c.c. 
Dog, blood (defibrinated) 3 —4 hours 
Doe. serum 4-5 , 
Rabbit, blood (defibrinated) — 3-4 ,, 
Human blood (defibrinated) 132 ,, 
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(3) The disappearance of pituitrin from the virculating blood of the 
rabbit. Unanssthetized male rabbits were used. The volume of the 
circulating blood of the rabbit was assumed to be equal to one-thirteenth 
of its body weight. A dose of pituitrin was injected into an ear vein to 
produce the theoretical concentration in the blood of 50 milliunits 
per c.c. Immediately before the injection of the hormone a sample of 
blood was removed from the carotid artery. Other samples were 
taken promptly after the injection and also after 10, 15, 30 and 
_ 60 min. The blood was then defibrinated and the antidiuretic potency 
was estimated. Six experiments were performed. The injected pituitrin 


ceases to be traceable after 20-30 min. (Fig. 3). When pituitrin was added - 


to rabbit’s blood in vitro, in concentration equal to the concentrations 
which should be present in the blood of rabbits immediately after 
receiving an intravenous injection, it was found that its antidiuretic 
potency takes 3-4 hours to disappear (compare Fig. 3). This suggests that 
either the bulk of the injected pituitrin is inactivated ten times faster 
by the same amount of blood in vivo than im vitro or that it is absorbed 
into the tissues or excreted in the urine. In view of experiments which 
will be described later, it would appear that absorption into the tissues 
or excretion in the urine is the more probable explanation. The quick 
disappearance of the antidiuretic hormone from the blood would be in 
accord with the results of Bell and Morris [1934], who describe the 
same experiment with large doses of the oxytocic principle in the cow. 

It will be the aim of the next experiments to explain the disappearance 
of the antidiuretic hormone from the blood. As a first step the anti- 
diuretic potency of postpituitary extracts after exposure in vitro to the 
action of the various tissues and tissue extracts will be examined. 

(4) The inactwation of pituitrin in vitro by tissue suspensions. The 
tissue samples were obtained from guinea-pigs. The animals were killed 
by a blow on the head, the tissues removed and rapidly minced in a 
Latapie micro-mincer. Saline and pituitrin were then added to the 
minced tissue, and the mixture after incubation for varying lengths of 
time was injected subcutaneously into rats. It was found that these 
tissue-pituitrin mixtures had no antidiuretic effect even if injected im- 
mediately after the hormone had been added. It seemed very unlikely, 
however, that the varying quantities of pituitrin which had been added 
_ to the minced tissues had been completely destroyed within so short a 
time and in all instances. The well-known fact. that the hormones of the 
posterior pituitary gland are particularly liable to be inactivated by 
adsorption to substances like lead oxide [Guggenheim, 1914], talcum 
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[Dudley, 1923] and charcoal [Sato, 19286] suggests that some such 
mechanism may be involved in the extremely quick inactivation observed. 
It was decided therefore to examine the various tissues as if they were 
inorganic absorbents and to determine their adsorbing capacity on the 
basis of this assumption. The adsorbing capacity of a tissue was deter- 
mined by adding increasing amounts of pituitrin to a standard amount 
of tissue suspension. The mixture was injected immediately into a series 
of rats in order to determine the antidiuretic potency exerted by the 
“unadsorbed ” pituitrin. The number of milliunits of pituitrin inactivated 
by a standard amount of tissue proved to be of specific magnitude for 
each of the tissue suspensions or body fluids. It will be referred to as the 
specific adsorbing capacity (s.a.c.) of that tissue. This definition of 
the s.a.c. conforms with that used by Willstatter [1926] in his studies 
of enzyme adsorbents. : 

It should be understood that by determining the loss of activity in a 
mixture of pituitrin with tissue suspensions only one form of adsorption 
can be examined, viz. an adsorption involving the “active groups” of the 
antidiuretic hormone. Such a mechanism is well known to be the cause 
of a quick inactivation of certain enzymes. The adsorption of lipase to 
cholesterin is an example [Willstatter and Waldschmidt-Leitz, 
1923]. On the other hand, it has been shown by Willstatter, Graser 
and K uhn [1922] in the case of alumina adsorbates of invertase that alter- 
nately an enzyme can be fully active while being adsorbed by a specific 
adsorbent. In the case of pituitrin it is conceivable that some part of the 
antidiuretic hormone added to tissue suspension is also adsorbed in a 
way which does not impair its physiological activity. By our method of 
assay only pituitrin adsorbed with involvement of its active group can be 
detected. Therefore in this paper ‘‘ adsorption” refers only to adsorption 
with involvement of active groups. 

Figs. 5 and 6 show the adsorbing capacity of muscle, brain, kidney 
and liver suspensions. 

The cerebrospinal fluid and the blood were treated as separate tissues 
and their s.a.c. was likewise determined. The adsorbing capacity of 
blood is small but quite constant in all experiments. Fig. 5 shows the 
adsorption of pituitrin by human blood; on an average 25 milliunits 
per c.c. of defibrinated blood. Defibrinated dog’s and rabbit’s blood 
inactivate approximately the same amount. It was shown in section (2) 
that amounts exceeding 25 milliunits are likewise inactivated but by a 
different mechanism, viz. a slow “chemical” destruction. A few experi- 
ments were made with heparinized dog’s blood. While not sufficiently 
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of active pituitrin after adsorption (in milliunits) 
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200 300 400 


100 
Milliunits of pituitrin added to standard amount of tissue 

Fig. 5. Adsorbing capacity of defibrinated blood and suspensions of skeletal muscle, brain 
and kidney for the antidiuretic hormone. 0-4¢.c. blood was used and 0-15 g. of each 
tissue suspended in 0-4 ¢.c. saline. The concentration of active antidiuretic hormone 
was obtained by using Fig. 1. The dotted line indicates the point at which a tissue- 
pituitrin mixture began to have an antidiuretic potency of 1 milliunit, the first trace, 
t.e. of unadsorbed hormone. Therefore the distance from zero to the point where the 
dotted line touches the abscissa is equal to the number of milliunits completely 
inactivated, i.e. the specific adsorbing capacity of the tissue. 
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Milliunits of pituitrin added to standard amount of tissue 


Fig. 6. Adsorbing capacity of muscle and liver suspensions for the antidiuretic hormone. 


Unit of weight 0-15 g. of tissue suspended in 0-4 c.c. saline. The scale is different from 
Fig. 5. For further description see Fig. 5. 
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numerous to ascertain the s.a.c. with the same accuracy as in the case 
of defibrinated blood, it appears that the adsorbing capacity of hepari- 
nized. blood is below 50 milliunits per c.c. 

The cerebrospinal fluid adsorbs either no pituitrin at all or quantities 
which are too small for detection with our method of assay. 


Taste III. The absence of adsorption of pituitrin by the cerebrospinal fluid is shown by 
the fact that the inhibition times of mixtures of pituitrin with saline (2) and with 
cerebrospinal fluid (1) are equal within the range of experimental error. 


Inhibition 
time in 
1. Animals receiving 5 p.c. body weight of water + 0-4 c.c eu 
dog’s cerebrospinal fluid per 100 g. containing: 
A. 3 milliunits pituitrin 207 
B. 6 ” ” 280 
C. 25 227 
2. Control animals receiving 0-4 c.c. saline per 100 g. 
- A. 3 milliunits pituitrin 211 
255 


Tasiz IV. Specific adsorbing capacity (s.4.0.) in vitro of various tissues for the 
antidiuretic factor in postpituitary extracts. 


Milliunits of antidiuretic hor- 
mone adsorbed by 0-4 c.c. of 
cerebrospinal fluid or blood 
and 0-15 g. of tissue sus- 
pended in 0-4 c.c. saline 


Cerebrospinal fluid 0 
Blood (human) 11 
Muscle 5 
Kidney 100 
Liver 700 


The s.4.c. of the tissues and body fluids investigated are summarized 
in Table IV. It should be added that the tissue suspensions were con- 
trolled microscopically to show the average size of the particles. No 
significant differences in the average size could be detected between _ 
kidney, liver and brain. The muscle particles were somewhat larger. 

(5) Nature of the rapid inactivation of the antidiuretic hormone by 
tissue suspensions. It was indicated in the preceding section that the 
process underlying the inactivation of pituitrin in tissue suspension 
might well be adsorption. This was strongly suggested by the very quick 
rate of the reaction in all tissues and with varying concentration of 
pituitrin. The possibility of an enzymatic destruction cannot be excluded 
however. It is conceivable that a quickly acting ferment destroys the 
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pituitrin within the 4 or 5 min. between its addition to the tissue sus- 
pension and the injection of these mixtures into the rats. That enzymes 
with such rapid action exist was shown in the case of invertase [Will- 
statter, Schneider and Wenzel, 1926] and peroxydase [Euler and 
Josephson, 1927]. It can be shown, however, that active pituitrin can 
be liberated by boiling from totally inactive material. For example, one 
unit of pituitrin is added to 3 g. of liver suspended in 8 c.c. of saline. The 
mixture is immediately boiled and 0-4 c.c. per 100 g. rat injected into a 


Unboiled liver and pituitrin : 


1 

i ; i 
0 10 20 30 

Milliunits of pituitrin added to standard amount of tissue 


Fig. 7. The adsorbing capacity of a boiled liver suspension for the antidiuretic hormone 
as compared with that of un boiled liver suspension. For further description see Fig. 5. 
Boiled liver solution adsorbs 5 milliunits, unboiled liver suspension, Fig. 6, 700 milli- 

- units. Unit of weight 0-15 g. | 


group of animals. The diuresis is inhibited to the extent of 174 min. It 
is extremely unlikely that an enzymatic inactivation should be reversed 
by heating the mixture of substrate and enzyme, especially as the very 
act of boiling inhibits the activity of enzymes completely. It would 
appear therefore that the “immediate” inactivation of pituitrin by the 
tissues is caused by adsorption, which process can be reversed by heat 
denaturation and coagulation of the tissue proteins. Desorption after 
coagulation has been frequently demonstrated in colloid inorganic adsor- 
bents [Freundlich and Schucht, 1913]. We can assume, therefore, that 
the coagulation of protein, being essentially the same process, causes the 
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release of adsorbed material. The intramolecular changes of denaturation 
(Lewis, 1931] are another possible factor in aiding desorption. Fig. 7 
shows that the heating destroys the specific adsorbing capacity of liver 
suspensions almost completely. It is evident that a liver suspension with 
a 8.4.0. of 700-800 milliunits is unable to adsorb more than 4 milliunits 
after boiling. 

(6) The prtustrin-adsorbing constituent of the tissues. The specific adsorb- 
ing capacity of various tissues is not limited to the intact cell, since simple 
extracts retain it. The extracts were prepared by the following pro- 
cedure: The tissue was passed through a Latapie micro-mincer and twice 
its weight of saline was added. The mixture was then put into a shaking 
machine for 20 min. and finally filtered or centrifuged. The filtrate or the 
supernatant fluid was used. These ‘‘extracts” contained no cells (micro- 
scopical controls) but. 1-2 p.c. protein, of which about one-tenth were 
proteoses. Asin the case of the tissue suspensions kidney extracts have 
a lower 8.a.C. than those of liver. For example: 150 milliunits of pituitrin 
are adsorbed by 0-4 c.c. of liver extract almost completely (inhibition — 
time of a group of four animals 121 min.), whereas 80 milliunits failed to 
be inactivated by the same amount of kidney extract (inhibition time 
156 min.). The inactivated pituitrin is liberated from the liver extracts 
by boiling: 0-1 c.c. pituitrin solution containing 240 milliunits was added 
to 7 c.c. of liver extract, the mixture boiled, filtered and made up to 8 c.c. 
0-4 c.c. per 100 g. rat of the filtrate, which should contain 12 milliunits, 
was then injected. The inhibition time of a group of four animals 
was 187 min., indicating that the whole of the 12 milliunits of added 
pituitrin had been recovered by the boiling. The pituitrin adsorbing 
principle can be removed from the tissue extracts by adsorption on to 
charcoal. 

Extracts of boiled liver do not adsorb any appreciable amount of 
pituitrin; for example, 10 milliunits of pituitrin were added to each 
0-4 c.c. of a boiled liver extract and 0-4 c.c. per 100 g. rat injected into 
a group of four animals. Thus the inhibition time was 185 min. as com- 
pared with 84 min. of a control which had received unboiled liver extract 
plus the same amount of pituitrin. 

The tissue extracts have a lower s.a.c. than the corresponding tissue 
suspensions. This is probably due to incomplete extraction of the pitui- 
trin-adsorbing constituent, as a second extraction with saline in one 
experiment yielded a fluid which still neutralized some pituitrin. The 
adsorbing power of the residue was found to be diminished. More experi- 
ments are, however, required to furnish quantitative data. 
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It has-been shown clearly that tissue suspensions and tissue extracts 
have the capacity to adsorb pituitrin by means of a heat-labile con- 
stituent. The adsorbing capacity varies according to the tissue used. It 
may be that the much greater rate of disappearance of the antidiuretic 
activity from the blood of a living animal than from blood in vitro depends 
upon the presence of the same process in living tissues. This possibility 
will be the subject of further investigations, but no evidence of such a 
process had been presented in this paper. 3 

(7) The fate of the inactivated hormone. There remain two possibilities 
for the final disposal of the inactivated antidiuretic hormone. First, the 
hormone can be liberated slowly from the tissues, maintained at a low 
concentration in the blood and then slowly excreted by the kidney or 
intestine. It was shown that rats after an intravenous injection of a 
large amount of pituitrin excrete an antidiuretic substance in their urine. 
- Two rats were injected with 1-5 units per animal at 3 p.m. At 8 a.m. 
5 c.c. of urine had been excreted. 4 c.c. of the urine were acidified, 
boiled and filtered. A group of three rats was then injected subcutane- 
ously with 1-3 c.c. of the filtrate per animal, and the urinary inhibition 
observed in the usual fashion. The inhibition time was 417 min. as com- 
pared with 98 min. of a control group with normal urine. This result 
indicates the presence of considerable amounts of a pituitrin- 
like substance in the urine. 

It is clear from the foregoing results that when a large dose of pituitrin 
is given, it is to some extent excreted by the kidneys. However, this 
does not exclude the second possibility, that a part of the injected 
pituitrin is irreversibly destroyed during its necessarily long stay in the 
tissues. It has been shown that for a time the immediate inactivation of 
pituitrin by a liver suspension can be reversed by boiling of the mixtures. 
That the antidiuretic principle is irreversibly destroyed if left in contact 
with liver suspension for several hours is shown in the following 
experiments: 1-5 units of pituitrin were added to a suspension of 3 g. 
liver in 6 c.c. of saline and the mixture incubated for 12 hours. It was 
then boiled and 0-4 c.c. of the suspension which should contain 100 milli- 
units was injected per 100 g. rat into a group of four animals. The urinary 
inhibition was 190 min. A control in which the same amount of pituitrin 
was added to boiled liver and which was incubated for the same length 
of time showed an inhibition of 450 min. The much greater decrease in 
the pituitrin content of the unboiled as compared with the boiled sus- 
pension is evident. The same irreversible inactivation takes place with 
liver extracts containing no liver cells as well as with the suspension. 
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8.c.c. of liver extract containing 3 units of pituitrin were incubated for 
13 hours, boiled for 2 min. and filtered. 0-4 c.c. which should contain 
150 milliunits was then injected per 100 g. rat into a group of four 
animals. Some of the liver extract was kept on ice overnight and used 
for a control experiment. The same amount of pituitrin (3 units) was 
added to 7 c.c. of the liver extract, boiled for 2 min., filtered and made up 
to 8 ¢.c. 0-4 ¢.c. which should contain 150 milliunits per 100 g. rats was 
injected into a group of animals and gave an inhibition time of 243 min. 
The inhibition time with the incubated liver extract was 92 min., clearly 
showing complete destruction of the added pituitrin. It is also evident 
that boiling for 2 min. inactivated the pituitrin-destroying principle. It 
has been found that a temperature of 65°C. applied for 20 min. also 
prevents the destruction of pituitrin. The effect of temperature and the 
slow rate of destruction together with unpublished evidence strongly 
suggest that the “irreversible” inactivation of the antidiuretic hormone 
is due to an enzyme. 


Discussion. 


It has been shown by in vitro experiments that certain biological 

material (blood, serum, liver and muscle suspensions) have the capacity 
of inactivating pituitrin in two ways. First there is an inactivation which 
apparently takes place as soon as pituitrin is mixed with the biological 
material. It seems that this immediate inactivation in vitro is due to 
adsorption of the pituitrin on to some constituent or constituents of the 
material investigated. The biological importance of this process of 
adsorption if it occurs in the body is that it involves adsorption of the 
“active groups” of the pituitrin, since after adsorption antidiuretic 
activity is no longer present. 
_. The evidence which leads us to conclude that this process of in- 
activation is adsorption is (1) that the process is very rapid, (2) that the 
rapidity of the process does not depend on the amount of pituitrin added 
to a given weight of tissue, (3) that heating the biological material 
decreases greatly its capacity to inactivate pituitrin, (4) heating shortly 
after the inactivation of added pituitrin releases the pituitrin in an 
active form, indicating that the hormone has not been destroyed. 

In vitro the adsorbing capacity for pituitrin was found to be of specific 
magnitude for every tissue investigated. The adsorbing capacity 
of liver suspensions is very much larger than that of the 
other tissues (see Table IV). The adsorption of pituitrin by tissues 


does not depend upon the presence of life or of intact cells. It is due to 
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@ constituent or constituents of the tissues, which are heat labile and can 
be extracted with saline. 

In addition to adsorption there is another method by which pituitrin 
is inactivated by blood and tissue suspensions, which appears to be 
irreversible and to take place gradually. But whereas the capacity of a 
tissue for the first type of inactivation is limited by its capacity for 
adsorption, it appears that in time very large quantities of pituitrin are 
inactivated by the second process. This second process is not only pre- 
vented by boiling but also by heating at 65° C. for 20 min. These obser- 
vations suggest that the process is of enzymic nature. 

It seems, therefore, that in vitro the antidiuretic hormone is adsorbed 
first by some constituent or constituents of the tissue, ¢.g. liver, and is 
thereby rendered completely inactive, provided the amount of pituitrin 
added is below the specific adsorption capacity of the tissue. The in- 
activated hormone is subsequently destroyed slowly and irreversibly by 
an enzyme-like agent probably at the surface of the adsorbent. Clear 
evidence that enzymic action is preceded by adsorption of the enzyme to 
the substrate is provided by the work of Schulman and Rideal [1933], 
and it is not unlikely that a similar two-stage process is responsible for 
the destruction of pituitrin in vitro. 

The results described so far are concerned solely with the reactions 
of the antidiuretic principle with body fluids and tissue suspensions in 
vitro. That similar processes occur in the living animal no direct evidence 
is given in the present paper. The occurrence of some such process, 
however, in vivo would provide a convenient explanation for the follow- 
ing results. 

(1) The absence of inactivation and destruction of the antidiuretic 
hormone by the cerebrospinal fluid. Cerebrospinal fluid obtained by occi- 
pital puncture of unanesthetized dogs neither adsorbs nor destroys the 
antidiuretic hormone. Therefore the diminished hormone content of the 
spinal fluid probably is due either to inactivation by the tissues lining the 
subarachnoid space or to absorption of the hormone from the subarach- 
noid cavity. 

(2) The rapid disappearance of the antidiuretic activity from the 
circulating blood of the rabbit after intravenous injection of postpituitary 
extracts. When 50 milliunits of pituitrin are added to each c.c. of rabbit’s 
blood in vitro it is found that about 25 milliunits are inactivated very 
quickly by a process which is thought to be adsorption. The remaining 
25 milliunits are destroyed slowly by another process which is thought to 
be enzymic. If, however, injections of pituitrin of 50 milliunits per c.c. 
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of the calculated blood volume are made intravenously into the intact 
|} animal it is found that pituitrin is no longer traceable after 25 min. Of 
these 50 milliunits 25 may be assumed to be adsorbed to the blood in 
the same way as in vitro. There remains therefore 25 milliunits to be 
accounted for and this amount in vitro is not destroyed within 3-4 hours. 
Therefore the unadsorbed pituitrin either is inactivated 10 times faster 
by approximately the same amount of blood in vivo than in vitro, or it is 
____ absorbed into the tissues or it is excreted by the kidneys. 

(3) The excretion of antidiuretic hormone by the kidneys. An anti- 
diuretic substance is excreted in the urine of rats after intravenous 
injection of large amounts of postpituitary extracts. This result agrees 
well with H. H. Dale’s [1909] observation that the pressor principle 
is eliminated by the kidneys. How much of a given amount of post- 
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- pituitary extract is eliminated has not, however, so far been ascer- 
tained. This must be done before we can decide whether the mechanisms 


s which cause inactivation and destruction of the antidiuretic hormone 
tm vitro operate also in vivo. The rapid disappearance of antidiuretic 
activity from the circulating blood after intravenous injection of large 
amounts of pituitrin suggests strongly that some important process other 
than slow elimination of hormone by the kidney is concerned in the 
disappearance of pituitary hormone from the circulating blood. 


SuMMARY. 


1. The antidiuretic hormone of the posterior part of the pituitary 

gland is adsorbed by the blood and by tissue suspensions in witro. If the 

: specific adsorbing capacity of defibrinated blood is 1, then those of 
muscle, brain, kidney and liver are 2, 2-5, 8 and 58. 

2. The adsorbing capacity of the tissues for the antidiuretic hormone 
is due to the presence in the tissue of a heat-labile substance which has 
been extracted. Extracts of liver adsorb more than extracts of kidney. 

_ The pituitrin-adsorbing substance can be removed from the extracts by 
animal charcoal. 

8. The blood and the liver contain an enzyme-like substance which 
destroys pituitrin. The rate of destruction in vitro by the blood varies in 
different species. The quickest destruction occurs in human blood. (25-50 
milliunits per c.c. of blood in 14-2 hours.) 

4. Cerebrospinal fluid neither adsorbs nor destroys the antidiuretic 
principle. 

5. After injection of large doses of postpituitary extracts the anti- 
diuretic activity of the circulating blood of the rabbit disappears in 
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20-30 min. The disappearance of the same amount of pituitrin in the 
corresponding amount of blood in vitro takes 3-4 hours. 

6. If large quantities of the antidiuretic hormone are injected in- . 4 
travenously into rats part of it is excreted in the urine. i 


We are greatly indebted to Prof. F. H. Smirk for his help in writing this paper. The 
expenses of this research were defrayed in part by a grant from the Seegen Fund of 
Vienna Academy of Science. 
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The Sherrington phenomenon. By E. Boteeme 
and J. H. Burn, 


The Sherrington [1894] phenomenon, as commonly understood, is 
the occurrence of a contracture in the muscles of the hindleg of the cat. 
on stimulation of the sciatic nerve, the stimulation being applied 2 or 
3 weeks after division of the 5th, 6th and 7th lumbar and Ist and 2nd 
dorsal and ventral roots. Hinsey and Cutting [1933] concluded that 
the phenomenon was due to the stimulation of the sympathetic fibres 
in the sciatic, since it occurred after excision of the posterior root ganglia 
as well; they were, however, unable to produce it when they stimulated 


_ the sympathetic chain, though they produced it in one cat by stimulation 


of the grey rami. 

Since this contracture of the denervated muscle can be produced 
by injection of acetylcholine, and since we have shown that the sympa- 
thetic nerve endings in the dog’s muscle produce vaso-dilatation by 
liberating acetylcholine [1935], we have investigated the phenomenon 
in the dog. We have found no difficulty in producing the contracture 
by stimulating the sympathetic chain in five dogs, in four of which not 
only both roots were cut, but the posterior root ganglia were also excised. 
The phenomenon has also been observed in four cats (without excision 
of the ganglia) on stimulation of the sympathetic chain, but usually it 
was definite only after the injection of eserine. In no experiment have 
we failed to observe it. 

The tensions produced in the dog (50-80 g.) are much greater than 
those in the cat (1-2 g.). The tensions are increased by eserine, and are 
bi-phasic, There is an initial sharp rise of tension followed by a fall and 
then there is a second prolonged rise. Full doses of ergotoxine do not 
greatly affect these changes, though the second rise becomes relatively 
greater. After full doses of ergotoxine, adrenaline causes a slow and 
prolonged rise of tension in the muscle. 
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Vaso-dilatation in the splanchnic vessels. By E. Biitsrine 
and J. H. Burn. 


The vaso-dilator effect of acetylcholine and of small doses of adrenal- 
ine has been examined in the intestinal vessels of dogs and cats under 
ether, after removal of the suprarenals. Plethysmograph records were 
taken. Adrenaline regularly causes vaso-dilatation. Acetylcholine has 
no vaso-dilator effect in the dog; in the cat its effect is variable. When 
the intestinal vessels of the dog are perfused with defibrinated blood, 
acetylcholine may cause some vaso-dilatation, though not always; large 
doses may have a constrictor action. The vaso-dilator effect is small 
compared with that of histamine, and is not increased by raising the 
tone with adrenaline. 

Stimulation of the splanchnic nerve causes vaso-constriction in dogs 
anesthetized with pernocton, after removal of the suprarenals. When 
adrenaline is infused at a slow rate into a vein, strong stimuli of short 
duration may cause simple vaso-dilatation, though this is not observed 
so regularly as in the muscles of the hindlimb. This vaso-dilatation is 
not increased by the injection of eserine and it is not abolished by 
atropine. Vaso-dilatation cannot be produced in the cat by stimulation 
of the splanchnic nerve during the infusion of adrenaline. The only 
regular way of producing vaso-dilatation by splanchnic stimulation in 
either the dog or cat is to inject ergotoxine. The dilatation then observed 
is unaffected by eserine and atropine. When the dog’s intestines are 
perfused with defibrinated blood, strong short stimuli of the splanchnic 
nerve will cause vaso-dilatation, which is unaffected by eserine and 


atropine. The vaso-dilatation is not increased by raising the tone with 


adrenaline. 


Structure of the sheaths of Maia nerve fibres. By J. Z. Younc. 


It has recently been claimed by Lullies [1934] that some of the 
axons in the leg nerves of Maia are provided with myelin sheaths, 
appearing as black rings after staining with Os0,. I have reinvestigated 
the mie using @ variety of techniques, and ana that each of the 
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larger axons is surrounded by a thick sheath formed of many layers 
apparently consisting of connective tissue. These layers are made up of 
fibrous sheets which stain with anilin blue after fixation in Flemming’s 
fluid, and there are nuclei scattered throughout the thickness of the 
sheath. The layers may stain brown or grey after fixation in 0s0,, but 
the stain is no darker than that of connective tissue elsewhere than in 
the nerves, and is very different from the homogeneous black given by 


a vertebrate myelin sheath. The innermost layers of the sheath differ, 


however, somewhat from the outer, showing less distinct fibrillation 
and staining slightly more deeply with Os0,. These inner layers may 
therefore possibly have some special properties, but they are shown not 
to be histologically comparable with myelin by the facts that they 
contain nuclei and stain with anilin blue. Some of the nuclei lie in the 
very innermost layers of the sheath and may actually indent the surface 
of the axon, leaving no space for any myelin around the latter. 

The position is, therefore, that these large fibres have thick and 
peculiar sheaths, probably consisting of connective tissue. The sheath, 
like other tissues, contains some fatty substances which may possibly 
have some special relation to the functioning of the axon, but there is 
no true myelin layer. Finally, the sheath is continuous and there are 


no regions comparable with the nodes of Ranvier. 


REFERENCE. 
Lullies, H. (1934). Pfliigers Arch. 288, 584. 


Measurement of the circulation rate in man. By E. Brizcsr, 
A. M. Cooks and J. G, Prigstiey. 


- Douglas and Haldane’s measurements of the circulation by their 
venous CO, method gave results which were higher than those given by 
various methods depending upon the use of an indifferent gas, though 
the latter have been in substantial agreement with one another. The 
measurements made hitherto by the venous CO, method and by the 
other methods were made on different individuals, and it seemed de- 
sirable to compare the two methods on the same subject and as nearly 
as possible at the same time. We have therefore experimented on several 
subjects under basal conditions, measuring the circulation rate in each 
case by the CO, method and by Grollman’s acetylene method at the 
same sitting. 
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The results showed substantial agreement between the two methods 
in the case of three subjects, though the CO, results tended to be if 


anything slightly higher than the acetylene results. 
A.M. C. F.0.0. J.G. P. C. G. D. 
CO, method 34 33 40 42 38 36 75% 40% 43% 7:2 63 
C,H, method 31 33 3-7 3-2" 36 35% 31 3-4 
* Not strictly basal. 


In the case of C. G. D., however, the venous CO, method gave the | 


same result as was found for him by Douglas and Haldane, while the 
acetylene method gave a much lower result and one in substantial 
agreement with the majority of the results by this method which have 


been published, No indication of cardiac abnormality could be found in | 


this case, nor did perfusion of a cat’s heart with Ringer saturated with 
O, and 15 p.c. C,H, show any appreciable effect. We had no reason 
therefore to suppose that C. G. D.’s heart was in any way affected by 
the acetylene. 

To make the conditions still more comparable we therefore combined 
the two methods, i.e. we added C,H, to the air-CO, mixtures in the bags 
used for the CO, method, but otherwise adhered to the technique of 
Douglas and Haldane. We found that the CO, results were as before 
and that the circulation rate as calculated from the C,H, absorption 
agreed closely with the results given by strict adherence to Grollman’s 

By CO, 3-5 48 
By C,H, 3-0 41 465 


In the one subject, therefore, the two methods still gave discrepant 
results even when they were carried out simultaneously. This fact ex- 
cluded various possible causes of the difference, the explanation of which 


is not clear at present, We are continuing the work in the hope of getting 


further light on this point. 


Afferent fibres from the pylorus and upper duodenum. 
By J. T. Invine and B. A. McSwiney. 


In these experiments we have used dilatation of the pupil as a means 
of determining the afferent pathways from the pylorus and first part of 
the duodenum [Bain, Irving and McSwiney, 1934]. A balloon was 
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inserted into the duodenum about }in. below the pylorus of cats 
anesthetized with chloralose. On inflation of the balloon the first part 
of the duodenum and pylorus were distended. The pressures employed 
were measured by means of a mercury manometer. 

On inflating the balloon dilatation of the pupil was obtained. The 
average threshold pressure for dilatation in ten experiments was 
30 mm. Hg. The results were similar after transection of the spinal cord 
at the level of the 6th or 7th thoracic roots. ; 

After section of both vagus nerves in the neck the threshold pressure 
for dilatation rose from 30 to 47 mm. Hg (average nine experiments). 
After section of the right and left splanchnic nerves dilatation of the 
pupil could not be elicited by inflation of the balloon. 

In further experiments the spinal cord was transected at the level 
of the 2nd cervical roots. The threshold pressures for dilatation of the 
pupil were found in two experiments to be 25 and 30 mm. Hg respectively. 
After section of both vagus nerves in the neck the response was abolished. 

We therefore conclude that the pylorus and upper duodenum of the 
cat are innervated by afferent fibres in both the splanchnic and vagus 
nerves, and further that the vagus nerve endings are more sensitive 
than those of the sympathetic. 


REFERENCE. 
Bain, W. A., Irving, J. T. and McSwiney, B. A. (1934). J: Physiol. 83, 8P. . 


Measurement of human nerve “accommodation”’. 
By D. Y. (Toronto). 


The slope of the line relating the liminal strength of an exponentially 
increasing current (expressed as a multiple of the rheobase) to the time 
constant of its increase is equal to the reciprocal of A, the time constant 
of accommodation [Hill and Solandt, 1935}. 

Exponentially increasing currents were produced through the use of 
a 10uF. fixed condenser with appropriate resistances [Lapicque, 1908}. 


_ A battery (source of variable potential), a key, a variable resistance 


going up to 10,000 ohms, a fixed resistance of 50,000 ohms and the 

stimulating electrodes were all connected in series in the order named, 

the connection to complete the circuit going from one stimulating 

electrode back to the battery. A voltmeter was placed across the portion 

of the battery in the circuit. The condenser was connected between the 

point common to the two high resistances, and the stimulating — 
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which connected directly to the battery. Time constants of current rise 
up to 84 msec. were thus available with an inter-electrode resistance of 
1000 ohms. At each resistance setting the threshold was determined 
with and without the condenser in the circuit, so that each reading 
could be referred to a rheobase taken under identical conditions. 

The ulnar nerve was stimulated at the elbow. A copper electrode, 
1 cm. square, covered with saline-soaked cotton gauze, was placed over 
the nerve. A similar but larger indifferent electrode was used on the 
other side of the arm. Tendon twitch at the wrist, detected by palpation, 
was taken as index of nerve stimulation. 

The same linear relation was found as with isolated frog or crustacean 
nerve. The accommodation slopes in healthy men (8) and women (3) 


lay between 12 and 24 with an average of 16. No sex difference was — 


observed. A slope of 16 corresponds to a time constant of 62-5 msec. 


In normal winter frogs the average value, determined on isolated sciatic 
nerves, was about 50 msec. 


_ REFERENCES. 


Hill, A. V. and Solandt, D. Y. (1935). J. Physiol. 84,1 P. 
Lapicque, L. (1908). J. Physiol. Path. gén. 10, 624. 


The osmotic pressure of the blood of Fundulus living in salt 
water and in fresh water. By B. M. Garrarp. | 


A consignment of Fundulus heteroclitus was brought from Boston, 
_ Mass., to University College, London, by the kindness of the Cunard- 
White Star Line. The fish are capable of living equally well in sea water 
or in fresh water [Loeb and Wasteneys, 1915]. Direct measurements 
were made by the vapour-pressure method [Baldes, 1934] of the 
osmotic pressure of the blood of individuals, three of which had been in 
fresh water for 3 weeks and three in sea water for 1 week: all were fed 
and appeared to be healthy. 

Kach fish was dried on the surface, with as little struggling as 
possible, and decapitated by cutting obliquely from the base of. the 
brain to the mouth. Precautions were taken to prevent concentration 
of the blood, due to evaporation, by transferring the fish to a large 
moist chamber (always used when applying drops to the thermocouples). 
The heart was exposed and two blood samples withdrawn, using capillary 
pipettes, and the osmotic pressure of each sample measured. Between 
0-5 and 1-0 c.mm. of blood was used for each drop. The latter was exposed 
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to the same constant CO, tension during the measurements. Each fish 
therefore furnished two independent values for the osmotic pressure of 
its blood. 

Results. Osmotic pressure given in terms of g. NaCl per 100 g. H,O. 


Sea water Fresh water 
Fish I 1-106, 1-186 Fish IV _ 1-096, 1-091 
Fish IT 1-190, 1-249 Fish V 1-143, 1-130 
Fish 1-312, 1-405 Fish VI 1-048, 1-041 
Average 1:24] Average 1-092 
Compare sea water, 3-708. 


The average osmotic pressure of the blood of the fishes living in sea 
water is slightly less than that of the blood of marine teleosts (Conger 
vulgaris) which is about 1-3 p.c. NaCl [Margaria, 1930]. Fundulus 
must be capable of a high degree of osmo-regulation, since a change in 
the external medium equal to 3-7 p.c. NaCl is accompanied by a change 
in the blood of only 0-149 p.c. NaCl. | 


REFERENCES. 


Baldes, E. J. (1934). J. act. Instr. 11, 223. 
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The stimulating action of nicotine and cyanide on the chemical 
receptors of the carotid sinus. By Api Samaan and G. STELLa. 


In an oral communication to the Society [November, 1934] we showed 
in the carotid sinus the presence of chemical receptors highly sensitive 
to variations of CO, tensions in the arterial blood. Tensions of this gas, 
normal or even below normal, are already enough to cause a moderate 
activity of these end organs (or endings). The discharge steadily in- 
creases when the CO, tension is gradually raised until at tensions of 
70-80 mm. Hg it attains an intensity only little less than that already 
described by Bogue and Stella [1935] in severe anox#mia. 

As a further proof of the significance of these discharges in the reflex 
regulation of respiration and circulation we have now obtained evidence 
that nicotine as well as cyanide, which are known to cause powerful reflex 
stimulation of respiration [Hey mans, Bouckaert and Regniers, 1933], 
provoke a very intense discharge of the same type as that seen with 
very high tensions of CO,, severe asphyxia or anoxemia [Bogue and 
Stella, 1935): 
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The effect of diets low in choline, and of choline feeding, on 
the glycosuria of the depancreatized dog. By C. H. Besr, 
_ M.E. Hunrsan and F. G. Youne’. 


Previous communications have shown that if depancreatized dogs 
are fed on a diet of lean meat, sucrose and adequate vitamin preparations, 
together with sufficient insulin to permit a moderate glycosuria, 
an excessive accumulation of fat gradually occurs in the liver, while 
the excretion of sugar is slowly decreased; the condition can be 
prevented or cured by the addition of choline to the diet [Best, 
Ferguson and Hershey, 1933]. Further experiments have now 
shown that diminution of glycosuria may occur in the case of animals 
not receiving added choline at a time when the excessive accumu- 
lation of liver fat has not occurred; the accumulation of liver fat is 
therefore not the cause of the diminished glycosuria, but it seems more 
probable that both are associated with an insufficiency of dietary choline. 

If depancreatized dogs are fed on a diet with a low choline content, 
consisting of 15 p.c. of protein, 20 p.c. of fat and 65 p.c. of sucrose, 
together with vitamin preparations, there is a rapid deposition of liver 
fat, which occurs both with and without insulin therapy; in one such 
case, which continued for 5 weeks without insulin treatment, the total 
ether-soluble material in the liver amounted to 62 p.c. of the wet weight 
of tissue. Addition of 2 g. per day of choline chloride to the diet of such 
animals effectively prevents the excessive deposition of liver fat. When 
depancreatized dogs receiving insulin are fed on the low choline diet 
‘the insulin requirement rapidly diminishes, and in the case of two of our 
animals glycosuria was negligible for a fortnight after insulin had been 
completely withdrawn. If animals originally receiving the low choline 
diet are fasted or transferred to a protein/fat diet after the accumulation 
of liver fat has occurred, they do not excrete more ‘than very small 


amounts of sugar for long periods, although insulin treatment is not 


instituted. Normal depancreatized dogs exhibit a profound glycosuria 
on a lean meat diet, while the addition of 2 g. per day of — peloride 
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_ to the low choline diet fed to depancreatized dogs results in the normal 


glycosuria following the withdrawal of insulin. 

At present it is not possible to determine whether the diminished 
sugar excretion of depancreatized dogs receiving a low choline diet 
without administration of insulin is due to an increased utilization of 
glucose in the tissues, orto a decreased production in the liver, or a 
combination of these effects. It is clear, however, from these results that 
dietary factors such as choline may play a hitherto unsuspected part in 
regulating the intensity of glycosuria in pancreatic diabetes. 


REFERENCE. 
Best, C. H., Ferguson, G. C. and Hershey, J. M. (1933). J. Physiol. 79, 94. 


Spatial anomalies of higher motor activity. By W. Mayzr-Gross. 


In studying the anomalies of motor behaviour one may use synthetic 
methods proceeding from simpler functional systems to the more complex, 
or may take as a point of departure actual observed anomalies of complex 
motor activity and study the disintegration they show. By the use of 
the first method simple anomalies of movements and coordination have 
been elucidated. Disturbances of more complex motor activity could 
not be cleared up by this method. But by the alternative method re- 
ferred to above, Liepmann [1900] delimited his varieties of apraxia. 
Until ten years ago no further advancé in this direction was made. 
Then Kleist and Strauss [1924] demonstrated another disturbance 
of higher activity which they called “constructive apraxia”. Its rela- 
tions to lesions of the parietal lobes, mainly the left, seem probable 
from the work of these and other authors. 

In observation of seven patients showing constructive apraxia I found 
(in accordance with former investigators) that these patients are able to 
perform all usual activities of daily life, also sequences of purposeful 
actions can be carried out; but the patients fail in all tests in which 
any more complex spatial order, either of direction or position or 
extension, is involved. They cannot copy simple pattern in mosaics, 
bricks, or matches. They are unable to draw or copy the simplest 
drawings or to put together a short word using wooden letters. They 
recognize their failures, but cannot correct them. In some of these 
cases writing is also disturbed, though there is no other disturbance in 
the field of verbal expression. Written arithmetic is handicapped by 
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loss of local value of the figures. Further the discrimination of right and 
left is lost and the naming and using of single fingers is impossible 
(so-called finger-agnosia; Gerstmann [1927]), These patients cannot 
imitate postures of fingers and hands, though copying postures of other 
parts of the body can be performed without difficulty. 

This spatial impairment, limited to hands and fingers, produces a 
characteristic behaviour in which the active hand tends to approximate 
to some nearby object. Thus when the patient makes a copy he tends 
to do so very near to the original pattern. In writing and drawing he 
tries to compress everything into as narrow a space as possible. In moving 
his hands, e.g. in gymnastic movements, the hands almost push towards 
each other, or tend to approach the hands of the investigator. This 
“‘closing-in-symptom ” gives the impression of being a primary biological 
protective mechanism and confirms the spatial character of the anomaly. 
Since the visual, auditory, tactile and vestibular varieties of space- 
perception are’ not affected, this defect may be explained as a dis- 
turbance of the ‘‘ Wirkraum” (von Uexkuell), particularly of the’ 
highly differentiated Wirkraum of the hands and fingers. _ 


REFERENCES 
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The effect of interelectrode distance on the time constant of 
electric excitation of nerve. By J. P. Bouckazrt and B. Katz. 


The relation between interpolar length, and threshold and time 
factor of electric excitation, found by Cardot and Laugier [1914], 
has recently been investigated and discussed by Rushton [1932, 1934], 
and also by Lullies and Labes (1930, 1932] who connect it with variable 
— of the membrane polarization of the nerve and the kernlei 
mode | 

Applying (a) repetitive condenser discharges, or (b) sine wave alter- 
nating current of a middle range of frequency, it can be shown that the 
time factor of excitation & [Hill, 1935] of medullated nerve (frog) 
increases with increasing interelectrode distance (4-25 mm.). 

(a) According to Hill the relation between threshold z.m.¥. and 
the time constant RC of a condenser discharge follows the equation 
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1 

E/E,=(RC/k)®°*-1, FE, being the “rheobase”, k the time for the dis- 
charge of minimum energy. Using non-polarizable calomel half-cells 
connected with the nerve by sharp-edged wooden electrodes soaked in 
Ringer’s solution (as will be described later), with small interelectrode 
distances the threshold for long discharge times (rheobase) is considerably 
raised, when compared with great distances, while sometimes decreased 
for short discharge times, so that the log E-log RC curves cross. Using 
45 discharges/sec. at room temperature, or 15/sec. at 4° 0., and a half- 
maximal action potential deflection as index of excitation, the curves 
fit well the theoretical equation. The ratio of k, (20 mm.) to k, (0-5 mm. 
interelectrode distance) at room temperature averaged 2:1. 

(6) According to Hill [see Hill and Solandt, 1935] we can determine 
k from the threshold intensity-frequency relation. If n is large enough, 
I (the current for threshold excitation) bears to n (the frequency) the 
relation I/I,=2:nk, where I, is the rheobase for constant current, which 
is practically the same as the minimum current observed directly at the 
optimum frequency (about 80/sec. at 20°C., 17/sec. at 4° C.: see Hill 
and Solandt, 1935). | | 

Using an N.P.L. beat-tone oscillator for frequencies of 100-10,000/sec., 
and at the lower frequencies a photo-electric arrangement producing 
pure sine waves, the results agree with theory. The influence of relative 
refractoriness [Bugnard and Hill, 1935] on the shape of the curve can 
usually be avoided by taking as index a constant fraction of the maximum 
response, determined separately at each frequency and for each electrode 
distance. 

When determining the maximum electric response at high frequency and with small 
interpolar length, it is necessary not to apply too strong stimuli, since there is found to be 
a considerable decrease of the response beyond 100-200 microamperes. The cause of this 
is being investigated. 

With small interelectrode distances, as compared with great, the 
threshold intensity J is always higher at low frequencies and often lower 
at high frequencies. The & value calculated from the J-n curve is con- 
siderably greater for 10 mm. than for 1-5 mm., slightly greater for 20 mm. 
than for 10 mm. The ratio of k, to k, agrees with that calculated from the 
log E-log RC curve. For interelectrode distances of 25 mm. and 2-5 mm. 
respectively, on the average, at room temperature, k,/k,= 1-85, at 4° C. 
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Ovulation and pseudo-pregnancy in the rabbit as a result of 
nervous stimulation. By F. H. A. Marsnatt and E. B. Verney. 


As is well known, ovulation in the rabbit does not normally occur 
except after coitus or after the orgasm [Heape, 1905; Hammond and 
Marshall, 1914]. If copulation is with a sterile male it results in 
pseudo-pregnancy with considerable development of the uterus and 
mammary glands [Ancel and Bouin, 1910; Hammond and Marshall, 
1914], the pseudo-pregnancy extending for about half the time of gesta- 
tion. Ovulation may, however, occur as a result of injecting extract of 
anterior pituitary or urine of pregnancy [Bellerby, 1929; Friedman, 
1929; Hill and Parkes, 1931], but the latter sometimes causes the 
formation of hemorrhagic follicles without rupture. Since Moore and 
Gallagher [1929] have brought about a condition comparable with an 
orgasm in the male guinea-pig, as evidenced by the ejaculation test, 
through electric stimulation of the central nervous system, it occurred 
to us that a similar stimulation in a female animal in an cestrous condition 
might induce a similar state and so cause ovulation. This supposition 
proved to be correct. By stimulating with an alternating current (30 volts, 
50 cycles) for 3 sec., followed by an interval of 7 sec. before again stimu- 
lating, and repeating the process an hour later, ovulation could be induced 
from 17 to 24 hours subsequently. Ten positive results with ovulation 
were obtained in this way. In six of these stimulation was through the 
brain (one electrode being placed in the mouth, the other through the 
skin of the nape); in the other four stimulation was through the lumbar 
_ part of cord (one electrode being placed in the rectum, the other over 
the lumbar vertebres). Itis to be noted that in our experiments ovulation, 
instead of occurring 10 hours after the stimulus (as it does normally after 
coitus), was delayed for a further period of from 7 to 12 hours. In three 
further cases hemorrhagic follicles were found without ovulation. In 
another experiment, after transection of the cord in the last thoracic 
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segment, lumbar stimulation 6 days subsequently did not induce ovula- 


tion. 

Four rabbits which were kept alive for more than a day after electric 
stimulation all became pseudo-pregnant. Two of them were killed after 
7 days, when the ovaries, uterus, and mammary glands were typical of 
this stage. The other two were killed after 14 days. In one of these (after 
a head stimulus) the condition of the organs was also normal for this 
period. In the other (after a lumbar stimulus), the pseudo-pregnancy 
had apparently come to an end a day or two earlier than normally, for 
the corpora lutea were considerably reduced in size although the uterus 
showed the characteristic changes and the mammary glands had reached 
a stage of development typical of the end of pseudo-pregnancy, and were 
actively secreting milk. 

In view of the work of other investigators [Bellerby, 1929; Fee and 
Parkes, 1929; Deanesly, Fee and Parkes, 1930] it is to be presumed 
that the stimulus acts through the intermediation of the anterior lobe 
of the pituitary. The nervous paths to the pituitary, however, have not 
yet been worked out [Haterius, 1934]. Lastly, it is to be pointed out 
that since the follicular phase can be converted into the luteal phase as 
a result of ovulation, in the rabbit at least there is no evidence for an 
inherent anterior pituitary rhythm controlling these phases. 
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The liberation of histamine during reactive hyperemia. 
By G. 8. Barsoum and J. H. Gappum. 


_ Dogs were anesthetized with ether, and the histamine equivalent 
of their blood was estimated by preparing an extract by the method 
described in a recent paper [Barsoum and Gaddum, 1935], and testing 
it in comparison with histamine on guinea-pig’s ileum. 
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Under normal conditions of blood flow the histamine equivalent of 
the blood in the femoral vein was equal to, or about 10 p.c, less than 
that in the femoral artery. Occlusion of the artery and vein in the 
thigh for 6~-20'min. caused an increase in the histamine equivalent of 
the blood collected from the vein when the circulation was released 
(see Table I). 


Taste I. | 
Weight of dog (kg.) 5 5-5 9-5 
Duration of ischemia (min.) ... 5°5 10 20 
Time of 
collection 
of blood V. H. H. ¥. H. 
Arterial blood — 7 36 36 
Venous blood 0’-1’ 32 83 il 140 40 125 
1’-3’ 18 113. 17 67 40 112 
| 3’-6’ 8 70 15 40 22 83 
V. Volume of blood in o.c. H. Histamine equivalent y/litre. 


In order to study the mechanism of the effect a dog’s leg was perfused 
with defibrinated blood by means of a pump, and the venous blood was 
oxygenated by pumping it through the lungs. Under these conditions 
the histamine equivalent of the blood flowing from the femoral vein 
was 13, 25, 27, 50 and 70y/litre in different experiments. The histamine 
equivalent of successive samples collected under normal conditions in 
the same experiment normally showed variations of less than 20 p.c. 
Two types of experiment were performed. 

(1) The lungs were short-circuited, so that the venous blood was 
pumped straight back to the leg. After 8-15 min. the blood had become 
very dark in colour and its histamine equivalent had risen to 2-4 times 
its original value. When the circulation was restored to its original state 
the blood soon became red again and the histamine equivalent had fallen 
in 10-15 min. to its original value. _ 

In an experiment of this type the most active extract was tested, 
not only on guinea-pig’s ileum, but also on hen’s rectal cecum. These 
two tests agreed quantitatively. The addition of histamine (4000,/litre) 
to the bath abolished the contractor effect of the extract on the rectal 
cecum. These facts confirm the conclusion that the substance detected 
in experiments of this type was histamine itself. 

(2) The lungs were made to respire a gas mixture containing 10 p.c. 
of CO, (and 20 p.c. of oxygen). In one experiment of this type the 
histamine equivalent of samples collected from the femoral vein at 
intervals of 10 min. were 57, 50, 100 and 45y/litre. CO, was respired only 
in the period between the collecting of the second and third samples. 
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It may be calculated that the amount of histamine liberated, in the 
third experiment in Table I, was about 7-6y. This quantity produces a 
definite fall in the arterial pressure when injected into the general 
circulation. There can be no doubt that if it came in contact with the 
capillaries of one leg it would cause vaso-dilatation. These observations 
therefore support the theory that the release of histamine is the cause 
of some of the phenomena of reactive hyperemia. The results of the ex- 
periments with CO, suggest that the release of histamine is a secondary 
consequence of the accumulation of acid metabolites. 


| REFERENCE, 
Barsounm, G. 8. and Gaddum, J. H. (1935). J. Physiol. 85, 1. 


The changes produced in the injury discharge of nerve fibres 
during the period following a propagated disturbance. 
By Herserrt 8. Gasser. 


For some time after a phrenic nerve has been isolated it is kept in 
a state of activity by impulses set up at its injured ends [Adrian, 
1930]. The individual fibres of the nerve are in different states of activity 
and the discharges in them are asynchronous, but the discharges may 
be brought under partial control by interpolating an induction shock 
strong enough to bring the whole nerve into activity at once. The fibres 
then display simultaneously the successive parts of the activity cycle 
(characterized by oscillations in the potential and concomitant changes 
in excitability), and the discharge from the injured end varies according 
to the state of the excitability. During the supernormal phase accom- 
panying the first negative after-potential the discharge is greatly 
augmented (Fig. 1); and at the same time repetitive responses to the 
shock appear. During the subnormal phase attendant on the positive 
after-potential the discharge declines to a minimum or disappears; and 
then in the second supernormal phase it increases again, reaching a 
magnitude greater than that obtaining in the unconditioned nerve. 

The effect of synchronization upon the intensity of the discharge is 
of interest because of the manner in which the subnormal period imitates 
the “silent period”’ of reflex physiology. According to P. Hoffmann 
[1920] an afferent volley, electrically excited or elicited by a tendon 
tap, depresses for 30-100 msec. the motor discharge to an extensor 
muscle aroused by voluntary effort. The afferent volley produces a large ° 
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reflex motor volley and in the process synchronizes activity in the path- 
ways concerned [Denny-Brown, 1928; Eccles and Hoff, 1932; and 
others]. As the result of this synchronization the naturally occurring 
unresponsiveness of the neurones following excitation is revealed. 


Fig. 1. A: spontaneous discharge in the phrenic nerve of the cat. The nerve was at 37° C. 
and in an oxygen atmosphere. Upward deflection means negativity of the active lead. 
B: changes in the discharge occurring during the response to an induction shock. The 
response starts at the break in the line. The spike is not visible and the first upward 
deflection is the negative after-potential. After 10 msec. the positive after-potential 
starts and lasts until 60 msec., at which time it is followed by the second negative 
after-potential. Time: 1 d.v.=20 msec. 


excitation | excitation tested 
en imulating | 
one tracts, etc. Internuncial { Motor 
chain. 
nerve 


Fig. 2. Diagram comparing the excitability of the spinal cord with that of a peripheral 
nerve. An afferent volley directly to the motor neurone should have the same effect. 


The parallelism between the nerve experiment and the reflex phe- 
nomenon is shown diagrammatically in Fig. 2. After the synchronizing 
excitation both systems become unresponsive to the background excita- 
tion for periods of comparable duration. At this time internuncial 
neurones and nerve alike are in a stage of positive potential. The 


similarity of the two processes is great enough to suggest that the cause — 
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of the unresponsivness may be fundamentally the same in the two 
There are some points of resemblance between the second supernormal 
phase and “rebound”. 
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A note on the mechanism of carbamino equilibria in blood. 
By F. J. W. Rovexron. 


The combination of CO, with amines, such as ammonia, to form 
carbamino compounds has been shown by Faurholt [1921, 1925] to 
involve the following constituent reactions: 


NH,t — H++NH, (1). 
CO,+NH, == NH,COOH (carbamic acid) _...... (2). 
NH,COOH —= H++NHCOO- (carbamate ion) _...... (3). 


Of these (1) and (3) are “instantaneous” and (2) is very rapid. In watery 
solution CO, also reacts slowly in the following ways: 
CO,+H,0 — H,CO, — H*+HCO,- 
CO,+OH- — HCO,- he 

Faurholt has implicitly pointed out that these last two reactions 
only have an indirect effect, through their influence on the pH of the 
solution, on the amount of carbamino-CO, formed at equilibrium by 
virtue of reactions (1), (2) and (3). At a given pressure of CO,, total 
concentration of amine, and pH, the amount of carbamino CO, should 
be the same, whether reactions (4) and (5) have or have not reached 
equilibrium. 

These conclusions of Faurholt were established by intensive work 
on four simple amines, ¢.c. ammonia, methylamine, dimethylamine and 
glycine. Data so far obtained on blood and hemoglobin strongly suggest 
that the same scheme is also applicable to the much more complex 
substance, hemoglobin. There is the difference, though, that hemoglobin, 
whether in purified solution or in whole blood, is usually contaminated 
by much of the enzyme carbonic anhydrase, which speeds up reactions 
(4) and (5) to the same order of rapidity as reaction (<}. If, however, the 
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carbonic anhydrase be poisoned by adding cyanide, Meldrum and 
Roughton [1933] found that the uptake of CO, by the blood occurs 
in two phases distinct in time: (i) a rapid one, due to the carbamino 
combination of CO, with hemoglobin via reactions (1), (2) and (3), 
(ii) a slow one, due to the uncatalysed reactions (4) and (5). At the end 
of the rapid phase a carbamino equilibrium, #.e. CO,+ Hb == CO,Hb 
is reached, but during the subsequent slow phase the equilibrium is 
displaced from right to left, owing to the fall of pH caused by conversion 
of CO, to H,CO, and ionization of the latter (decrease in pH, according 
to reactions (1)-(3) lowers the amount of carbamino-CQ,). This point has 
recently been stressed by Stadie [1935 a, b], who contends that the 
smaller amount of carbamino-CO, at the final “total” equilibrium, 
rather than the larger amount at. the rapid “partial” equilibrium, should 
have been used in our deductions, from the cyanide blood experiments, 
as to the role of carbamino-CO, in normal blood under physiological 
conditions. | 

It seems clear, however, from Faurholt’s theory, as outlined above, 
that one may legitimately reason from the amount of carbamino-CO, at 
the rapid partial equilibrium, if at the corresponding instant of time the 


pH of the cyanide blood is arranged to be the same as the pH of normal — 


blood at “total equilibrium”, Meldrum and Roughton deliberately 
secured this, by adding to the cyanide blood as much 0-2M acetic acid 
as would, together with the CO, taken up in the rapid phase, bring the 
pHi at the end of the rapid phase as near as may be to the pH of normal 
blood. It therefore seems that, unless the scheme of Faurholt is erro- 
neous or inapplicable, the experimental facts obtained with cyanide 
blood can be applied, without serious modification, to the equilibrium 
state existing in normal blood, in spite of the difference between the 
two systems: and that Stadie’s contention, that the work with cyanide 
blood merely affords a convenient and illuminating laboratory dissection 
of the reaction with no counterpart in nature, must be set aside for the 
present. 

Empirically, too, these earlier deductions have proved not to be 
seriously at fault, for they agree roughly, as to the role of carbamino-CO, 


in normal blood, with the more recent results obtained by Ferguson > 


and Roughton [1934], by their direct chemical method of estimating 
carbamino-bound CO, in normal hemoglobin solutions. In the latter 
case the solutions were always at “total” equilibrium not only as regards 
reactions (1), (2) and (3) but also as regards reactions (4) and (5): hence 
Stadie’s criticism does not here arise. _- 
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A simple method of measuring the air-way of the nose. 
By Lronarp Hi. 


A nipple-shaped tube is well fitted into one nostril and connected 
with a water manometer. The excursion of the meniscus is noted while 
breathing takes place through the other nostril. To secure a record the 


0 385.285 
Fig. 1. Stepping height of 6 in. in time with respiration. Record from left nostril. Breathing 
through right (normal) side of nose. The figures show the size of the opening of each 
tube inserted in turn. 0, no tube inserted. The tube with 38} sq. mm. opening gave 
a record corresponding to that with no tube in this nostril. The tube with 50 sq. mm. 


opening made the breathing easier. 


water manometer in its turn is connected with a tambour set to write 
on a drum. The excursion of the meniscus is noted with the nipple tube 
first in one nostril and then in the other. Supposing there is a partial 
obstruction on one side of the nose, then the oscillations will be greater 
when the breathing is by that side. Having recorded the size of these 
oscillations the subject is made to breathe through the normal side, while 
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one or other of a set of tubes, each half an inch in length and with a 


different sized opening, is fitted into this nostril, until the tube is found, 
the opening of which is such that it makes the oscillations equal to those 
when the breathing was by way of the obstructed side. The surface area 
of the opening of this tube then corresponds in size with that of the 
air-way in the partially obstructed side of the nose. The insertion of a 
tube with a 28}sq. mm. opening by pushing out the wing of the nostril 


makes the respiration of a resting subject easier. To make the oscillation - 


greater a tube with a 14sq. mm. opening has to be inserted, so small is 
the air-way required for quiet breathing. To find the actual size of the 
air-way of the normal side of the nose one must make the subject breathe 
more deeply, as by stepping frequently up on to and down from a box 
6 in. high. The steps and the respirations are in time. One then finds 
the tube, which, when inserted into the normal side, keeps the oscillation 
unaltered. A tube with a larger opening than that of the air-way, by 
pushing out the wing of the nostril, makes the breathing easier, while a 
tube with a smaller opening makes it more laboured. 


To cite an example, the normal air-way was found to have an area 


of about 38 sq. mm., while that on the partially obstructed side was 
about 6 sq. mm. The laboured respiration through this side just sufficed 
while the subject was at rest. A draught of cool air on the skin or irradia- 
tion of the skin with a small tungsten arc, placed two feet away, made 


the breathing easier through this side. It was easier also after inhalation | 


of an adrenaline spray. The effect of these agents could be measured by 

_ means of the graduated set of tubes. Irradiation of the skin with a small 
dull red heater closed this side of the nose. The effect on the normal side 
only became significant when the air-way was partially obstructed by a 
tube with a 19 sq. mm. opening. 

In place of using a set of tubes, one tube provided with a slit con- 
trolled by a graduated screw can be used. 

The research has been carried out at the St John Clinic with the 
help of a grant for expenses from the Medical Research Council. 


bes 
4, 
fr) 
2 
i] 
i | 
a 
BY 
| 
| 
| 
4 
; 
{ 
| 
4 
| 
4 
j 
| 
& | 
| 


s 


21P 
PROCEEDINGS 


OF THE 


PHYSIOLOGICAL SOCIETY 
October 19, 1935. 


Gastric secretion in myxedema. By F. Lez-Lanpzr. 
(Department of Physiology, Middlesex Hospital.) 

Previous observers, on the relationship between myxcedema and 
changes in gastric secretion, have held divided opinions on the subject. 
The majority (Sturgis, 1922; Lockwood, 1925; Lerman and Means, 
1932; Berryhill and Williams, 1932] favour the view that gastric 
secretion is depressed and that there is an increase in the incidence of 
achlorhydria. Their views are based on a very small number of cases, 
and no attempt is made to follow the gastric secretion after the myxcede- 
matous changes have been controlled. One observer [Levy, 1929] 
favours the view that myxcedema is associated with hyperchlorhydria, 
and reports a depression in the level of the secretion following thyroid 
medication. 

The present series of twenty cases of myxcedema consist of twelve 
cases in which histamine test meals were performed before thyroid medi- 
cation was given and eight cases which had been under treatment for 
several years before being examined. These eight cases were, to all intents 
and purposes, normal persons, and their gastric functions were investi- 
gated in order to see whether any showed achlorhydria, and secondly, 
to form a small series of controls to the ten untreated cases of myxcedema. 
Of the twelve untreated cases, six may be classed as severe cases of 
myxcedema, and six as slight cases. All had histamine test meals per- 
formed as soon as the diagnosis was made, and in eight cases the investi- 
gation was repeated (in three cases on several occasions) between 
9 months and 1 year after the institution of therapy. Two of the severe 
cases of myxcedema showed achlorhydria. Although there are differences 
to be noted in the test meals before and after cure, these differences are 
not uniform; in some cases there is an increase in HCI secretion and in 


- some a decrease. Further, in the two cases of achlorhydria this condition 


has persisted. 

One case is worthy of note, as test meals were _ performed whilst 

myxcedema was. developing. It was noted in this patient that following 
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thyroidectomy a low B.M.R. reading was obtained, although no symp- 
toms were present and the patient’s appearance was normal except for 
exophthalmos. During the course of the next year the patient began to 
complain of shortness of breath, lack of sweating, poor memory and hair 
falling out, and she gradually assumed a myxcedematous appearance. 
Thyroid medication was withheld during that year, as it was hoped that 
spontaneous cure from hypertrophy of the remaining thyroid tissue would 
occur. During this year three histamine test meals were performed. Six 
months after the institution of thyroid therapy a fourth test meal was 
performed, and all of these gave results within the limits of normal 
variation. 

_ In another case, which showed a fall in HCl secretion following 
thyroid treatment, a further test meal was performed, and on this 
occasion @ rise in secretion was recorded. 

Of the eight treated cases, two exhibited achlorhydria and one a low 
secretion level (6 c.c. N/10 HCl). The two cases of achlorhydria and two 
further cases showing moderate HCl secretion were re-examined. The 
achlorhydria persisted in both cases, and one case with moderate secre- 
tion remained unaltered and in the other there was an increase in 
secretion. | 

In such a small series of cases as is contained in this investigation 
it is meaningless to draw conclusions from percentages and comparison 
with figures obtained from normals, and it is only by consideration of 
each individual case that any lesson may be learnt. The following con- 
clusions are suggested : 

(1) The achlorhydria which occurs in myxcedema is uninfluenced by 
thyroid medication. 

(2) That there is no constant change i in the gastric secretion either 
(a) whilst myxcedema is progressing, or (6) when myxcedema is cured. 

(3) That the level of gastric secretion in myxcedema varies between 
complete achlorhydria and hypersecretion (96 ¢.c. N/10 HCl), which 
variation also occurs in a series of normal cases. 
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Impedance angle determinations: various correlations and ex- 
periments. By J. D. Ropertson and A. T. Witson. (From the 


Courtauld Institute of Biochemistry and the Department of Ph stology, 
Middlesex Hospital, W. 1.) dicts 


1. Using the Brazier Bridge [Brazier, 1933] impedance angle (1..) 
determinations, with certain other measurements, were made on 120 
members of the nursing staff of Middlesex Hospital and on certain 
numbers of unselected patients. 

In the normal female group, plotting of 1.4. values against (i) height, 
(ii) weight, (ii) surface, showed no obvious correlations. 

In the case of forty-five patients, in addition to the correlations men- 
tioned above, forearm circumference showed no relation to 1.4. values, 
although the usual sex difference was, of course, obvious. In 104 patients 
in the medical and surgical wards of Middlesex Hospital no obvious 
correlation was found with any of the commoner disorders except Grave’s 
Disease and myxcedema (as previously described and confirmed [{Brazier, 
1933; Robertson and Wilson, 1934]). Asingle case of typical Addison’s 
Disease, a middle-aged female on satisfactory treatment with cortical 
extract, was examined by the courtesy of Dr Levy Simpson. She gave 
the low 1.4. reading of 0-088 (23 on the clinical scale devised by Brazier). 

Two cases of myxcedema on treatment with thyroid extract showed 
a significant downward movement of 1.4. values; and three cases of 
partially thyroidectomized Grave’s Disease, beginning some three weeks 
after operation, showed a marked upward movement of 1.4. to nearer 
the normal mean. These results confirm those reported by Brazier. 

2. Single and series determinations of two male subjects were made 
using two arm baths for determinations on one individual, and three 
arm baths, one common to an arm of each subject, for series determina- 


tions. > 

bject (i 0-110 212 

ci} 0-144 179 

(i) and (ii) series 0-130 361 

iii 0-107 218 

ti) 0-139 209 

(iii) and (iv) series 0-130 392 

The 1.4. value approximates to the mean of two readings, the re- 

sistance (R) to the sum. 


8. Five student volunteers, after determinations of 1.4., and re- 
sistance values, each drank 1 litre of saline. Ten and thirty minutes later 


there was no significant change in these readings. 
b2 
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4, The 1.4. of six decerebrate cats was measured between fore and 


hind paws, each pair immersed in an earthenware vessel containing 
1 litre of normal saline, When killed by rebreathing chloroform, they 
showed no change of 1.4. and R values before and after cessation of 
detectible heart beat. After four hours the 1.4. values had risen by an 
average of 11 p.c., resistance by 9 p.c. In twelve hours the figures were 
33 p.c. average incressé Of 1.4. and 42 p.c. of resistance. 
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Estimation of the arm to tongue circulation time by means of 
_ decholin and comparison with the basal metabolic rate. By 
M. Kremer and J. D. Ropertson. (Middlesex Hospital.) 


Decholin is the sodium salt of dehydrocholic acid, and it was first 
employed for determining the circulation time by Winternitz. It is 
injected into a vein in the ante-cubital fossa and gives an intensely bitter 
taste and smell on reaching the mouth and pharynx. If the determina- 
tion is performed correctly the end point is extremely sharp and can be 
readily detected by the subject. 

To obtain the sharpest end point it is necessary to wait 30 sec. after 
inserting the needle into the vein in case any drops of the solution have 
been carried in, and then to inject 5 c.c. of a 20 p.c. solution of decholin 
as rapidly as possible. If a number 12 needle is used this takes from 
3 to 4 sec. An assistant measures with a stop-watch the time from the 
beginning of the injection until the subject appreciates the bitter taste. 

Decholin is non-toxic and the taste lasts for 15-20 sec. only. There 
are no contra-indications to its use, and determinations can be made 
several times in succession. The histamine method (Bain) does not 
possess these advantages. If the pulse rate is under 40 per min. the 
decholin diffuses in the blood stream and the end point is so indefinite 
that it cannot be determined. 

In order to have comparable results all the measurements reported 
here were made under basal conditions and usually just after the basal 
metabolic rate had been estimated. As with the B.M.R. technique, 
circulation times were estimated on two successive days and the second 
result taken as the basal circulation time. | 
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In normal medical students a correlation of the order of 0-9 was found 
between the B.M.R. and the circulation time on the assumption that the 
B.M.R. determination is accurate to +2. As can be seen from Table Tin 


B.M.R. +1 ‘+9 -@ 410° -2 
Circulation 176 174 16 13 13 18 15-4 168 13 13 15-2 
time in sec. ‘3 
Student's No. 12. 13 14 7 16 17 18 19° 20 21 
B.M.R. 0 -7 —]14 +5 


0 +1 -6. 
Circulation 15 18 184 19 14 17-4 15-2 19 
time in sec. 


no case of a subject with a B.M.R. that was normal or less than normal 
was the circulation time less than 14 sec. The range was 14-19 sec. 
A series of observations were made on patients with thyrotoxicosis 
and it was found that though a raised B.M.R. gave a shortened circula- 
tion time, it was impossible to predict the degree of rise of B.M.R. from 
the circulation time. 


II. 
~~ Case No. 1 2 3 4 5 qos 
B.M.R. +46 +48 +45 +80 +52 +46 +48 
Circulation time in sec. 12 | 9-4 11-5 9-4 10 11:8 10 


If the B.M.R. was lowered (by the administration of iodine or thyro- 
dectomy in thyrotoxic patients or the stopping of thyroid in myxcedema) 
the circulation time was increased. If the B.M.R. was raised (giving 
thyroid to a hypothyroid patient) the circulation time was shortened. 


III. 
Case No. lt 2% 
Initial B.M.R. +28 -20 +58 +42 413 +22 39 +69 +12 ~~ 
Initial circulation time 12-2 176 112 12 13-8 94 108 95 11-2 


in sec, 
Final B.M.R. after -28 -1l1 +12 +17 -5 -9 +20 +24 -9 
treatment 


Final circulation time 20 16 135 13 16 14 126 125 155 
in sec. 


* Iodine. + Thyroidectomy. . + Stopping thyroid. § Giving thyroid. 
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Rickets on a diet with adequate cod-liver oil, and scurvy on 
diet containing adequate orange juice. By Mononizrr. 
(Middlesex Hospital.) 


Two children recently under my care at the Hospital for Sick Children, 
Great Ormond Street, illustrate difficulties in the simple etiology assumed 
for the deficiency diseases. 

1. Female child of 17 months had been artificially fed from birth 
on a rational diet. Until March 1935 the child received in addition 
1 drachm daily of a good cod-liver oil, then a preparation containing 
cod-liver oil and Parish’s food in equal parts, of which half an ounce 
had been given daily. From June until the time of admission she had 
received another preparation reputed to be 25 times as rich as cod-liver 
oil in vitamin D, and of this she had had 90 minims daily. Admission 
to hospital was sought for a “fit” and general irritability dating from 
bronchitis in March 1935, Clinically the child presented all the signs of 
rickets, and there was also evidence of tetany in the form of facial 
irritability and laryngismus stridulus. Her serum calcium was 4-3 mg. 
per 100 c.c. (ionic calcium 1-9 mg.) and the inorganic blood phosphorus 
3-2 mg. per 100c.c.. X-ray examinations showed florid rickets. There 
is no evidence of renal disease nor of coeliac disease. Improvement has 
been slow with-adequate vitamin D intake and calcium intravenously. 

2. Male child aged 10 months had been breast fed for some weeks 
and then changed on to a boiled milk and water mixture with some 
attempt at mixed feeding for a few weeks, He had been given orange 
juice daily ever since birth, amounting to about half an orange daily 
for many months, He had been perfectly well in every way until 3 days 
before admission, when he appeared to have pain in his legs. On ad- 
mission he had the classical tenderness in the legs of scurvy, typical 
changes in the gums round two erupted teeth, hematuria (microscopic) 
and X-ray changes at the ends of most of the long bones, In view of | 
the apparent non-absorption of vitamin C he was given 400 mg. of 
ascorbic acid intravenously. By next day the child was less miserable, 
and within 48 hours there was obviously less tenderness. Four days after 
admission the child would laugh on being touched over the limbs, the 
gums were improving and the urine was free from blood. The child has 
now been accustomed to a good mixed diet with fruit juice daily, and 
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Electrical phenomena recorded from the skin, By W. F, Froyp 
(Leon Fellow of the University of London). (Research Department, Insti- 
tute of Education and Department of Physiology, Middlesex Hospital.) 


It is the claim of many investigators that two distinct phenomena 
of an electrical nature may be recorded from the skin of the human 
subject in response to certain stimuli. The one is the Féré phenomenon 
[Féré, 1888] and termed the “psycho-galvanic reflex” by Veraguth 
[1909]: the other is the Tarchanow phenomenon [Tarchanow, 1890]. 

The Féré phenomenon is the increase in the current flowing through 
the body from an external circuit incorporating a source of current, 
consequent upon suitable stimulation of the subject. The Tarchanow 
phenomenon is the complex change in the current flowing through the 
body, following stimulation, when there is no source of current in the 
external circuit. The source of the current in the latter case is believed 
by most investigators to be the differences in potential between different 
parts of the skin, and the response is attributed to changes in these 
potentials. 

In all the circuits employed for the investigation of the two pheno- 
mena, the current variation has been detected by the change in the 
deflection of a galvanometer connected in the external circuit. In the 
case of the Féré phenomenon the response of the subject has been ex- 
pressed, usually by the change in the “apparent resistance” of the body, 
and in the case of the Tarchanow phenomenon by the potentials which, 
connected in place of the subject, produce the same galvanometer 
deflections. | 

Very few precautions have been taken in the past to ensure constancy 
of the conditions of measurement, and, in particular, the initial current 
through the subject has been different in nearly every case; only 
Prideaux [1921], Davis [1929] and Darrow [1932] have described 
circuits, for the measurement of the Féré phenomenon, in which the 
current for each subject may be brought to the same initial value. 
During the reaction the current through the subject has always varied— 
in fact this is the phenomenon. 

In the author’s investigations of the u.M.¥.’s from the skin, the 
current through the subject is maintained at a constant value for the 
duration of each experiment. That is to say, the current does not vary 
during the subject’s reaction to stimulation, as it does in all the circuits 
used by investigators of the Féré and Tarchanow phenomena. The re- 
sponse measured in these experiments is the decrease in the E.M.F. pro- 
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duced by the body, following stimulation. The current is maintained 
constant by the use of a thermionic valve circuit, and the £.M.F. is 
measured with the aid of a: battery-coupled valve amplifier [Floyd, 
1935]. The 2.m.¥. changes observed in this case constitute a phenomenon 
distinct from that of Féré or Tarchanow, but the physiological basis 
is probably the same. 

With no current flowing through the subject, potentials and potential 
changes are recorded. These potentials are the true potentials from the 
skin and the inter-electrode tissues, and are not influenced by current 
flow as occurs in the case of the Tarchanow phenomenon. Except for the 
interference with the subject arising from the electrodes, which are in 
contact with the skin, the potential changes, recorded in this way, are 
probably more nearly representative of the natural activity of the subject 
than are any other electrical measures employed up to the present time. 

The records of £.M.F. and potential obtained from the skin in the 
manner described here, in response to suitable stimulation of the subject, 
are similar in general nature to records of the Féré and Tarchanow 
phenomena: there are certain differences to be noted also. More detailed 
communications will deal with the physical and physiological factors 
concerned in these responses. 
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Apparatus for the continuous recording of potentials and 

_ +E.M.F.’s from the skin. By W. F. Furoyp (Leon Fellow of the 
Unwersity of London). (Research Department, Institute of Education 
and Department of Physiology, Middlesex Hospital.) 

The apparatus described in this communication is designed for the 
measurement and recording of certain of the electrical phenomena ob- 
served in an external circuit when electrodes are connected to the skin 
of the human subject. It comprises a source of constant current and a 


two-stage amplifier, the output circuit of which — @ recording 
—- The subject is connected at S. 
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V, is a triode valve (Marconi R5V), operated at a low filament 
temperature, controlled by the rheostat rh, and at an anode potential 
of about 130 volts. Under these conditions the anode current indicated 
by M, is the saturation current, which measurements have shown to be 
constant to well within 0-01 p.c. of its value for changes in the anode 
potential of 1 volt, and constant to within 0-001 p.c. of its value for 
changes of 100 mV. Constant current values of from 1 to 100pA., to 
which these figures apply, are obtainable by adjustment of rh, and the 
saturation current remains constant for several hours. The constant 
current flows through the subject who is included in the anode circuit 
of this valve. 


The equivalent potential changes introduced into the anode circuit 
of V,, by appropriate stimulation of S, are considerably less than 1 volt 
and frequently less than 100mV. The current through S may be con- 
sidered constant, therefore, to within less than 0-01 p.c. at most during 
all experiments in which the #.m.¥. from the skin is measured. 

V, and V;, together with the associated circuits and equipment, 
comprise the two-stage amplifier and the recorder. The resistance shown 
at 7, is built up of a number of decade resistance units of maximum 
resistance of 211,000 ohms; that at r, has a value of 0-25 megohm. The 
valve V, is operated as a voltage amplifier and is a Mullard 994V with 
a rated amplification factor of 125. The overall amplification obtained 
from this stage may be varied by adjustment of the connections to the 
tapped, wire-wound resistance r;. The output valve V, is chosen for its 
large (anode current, grid voltage) conductance value (12mA./V.) because 
the amplifier is required to have a large overall transconductance, and not 


necessarily a large amplification factor, in order to operate the recorder. 


The Marconi N41 pentode valve can be used in this position. 

The recording milliammeter is an Evershed and Vignoles instrument 
with a range of 0-3mA. It is connected in a network which is adjusted, 
by means of the tapping on the u.T. battery, so that the current is zero 
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or almost zero in the arm of network in which the recorder is located. 
In this way the normal steady anode current of 15mA. is compensated 
for, and only changes in the anode current influence the recorder. The 
resistance at 7, has a value of 3000 ohms, and 1, is a shunt by which the 
sensitivity of the recorder may be reduced. The recorder has a natural 
period which is not greater than 0-25 sec. and it is well suited, thereforé, 
for the investigation of the slowly changing electrical phenomena which 
may be recorded from the skin. 

The £.M.F. measurements, with constant current flow through S, are 
made with the switch s, closed and with s, open: with both open, the 
apparatus is adjusted for the investigation of skin potentials. The 
amplifier is calibrated by closing both switches and passing the constant: 
current through a known value of resistance at r,.. In this way the 
recorder scale may be calibrated directly, in terms of millivolts applied 
to the grid circuit of V,. 

By means of three potentiometers, P,, P,, P,, the amplifier may be 
accurately balanced, P, and P, controlling the grid circuits of the amplifier 
and P; controlling the zero of the recorder without disturbance of the 
amplifier balance. The total resistance of P, had to be small so that the 
resistance of the compensating network should remain as nearly constant 
as possible for different settings, and the value chosen is 100 ohms. The 
maximum circuit resistance due to P, is, therefore, 25 ohms, Coarse 
adjustment of the zero of the recorder is carried out mechanically and 
fine adjustment by P, can be effected without decreasing the net circuit 
resistance of P, below 20 ohms. The error introduced thereby is less than 
1 p.c. of the instantaneous scale reading of the recorder. 


Observations on the renal circulation in non-anesthetized dogs. 
By H. Hanpovsxy and Api Samaan. (From J. F. Heymans’ 
Institute of Pharmacology, University of Ghent.) 


Janssen and Rein [1928], working on decerebrate dogs, noted that 
the renal blood flow was not altered during the course of water diuresis 
nor after the administration of the actively anti-diuretic post-pituitary 
extract; they concluded that no direct relation ee between the renal 
blood flow and the urinary secretion. 

In the present research continuous inh eins lasting 6-10 hours, 
were made on thirteen conscious dogs on (1) the blood flow in the renal 
artery (thermo-stromuhr of Rein [1928]), (2) the blood-pressure (cannu- 


lated brachial or carotid artery [Samaan, 1935 a) and (3) the urinary 
flow (cannulated ureter), 
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Water diuresis. Tap water—whether taken voluntarily, given by 
stomach tube or by slow intravenous infusion—was followed by the 
typical water diuresis curve [Klisiecki, Pickford, Rothschild and 
Verney, 1933]. The renal blood flow presented a progressive increase 
which preceded that of the urine flow; in three cases, however, diuresis 
did not take place and the blood flow was hardly altered. The blood- 
pressure showed no change or only a slight rise. 

Splanchnotomy. Homolateral section of the major and minor splanch- 
nic nerves in the conscious dog was performed under local novocaine anes- 
thesia, Although the blood-pressure was only slightly disturbed, the 
blood flow as well as the urinary secretion were increased, An immediate 
temporary diminution of the blood flow was not uncommon. 

Carotid sinus reflexes. Occluding the common carotid arteries was 
followed, as is well known, by a marked rise of the blood-pressure. The 
renal blood flow, however, presented individual variations; thus in some 
dogs a slight or a moderate increase took place, while in others a definite 
reduction was observed. Similarly the secretion of urine increased 
markedly except in the latter cases. After release of the carotid arteries 
the blood flow usually returned to its resting level, and not uncommonly 
it underwent occasional variations for a few minutes. 

Post-pitwitary extracts. Infundin (Burroughs, Wellcome and Co.), 
Pituglandol (Roche) and Posthypophyne (Palfijn) were employed. The 
intravenous injection of any of these extracts was followed by a definite 
diminution of the blood and urine flows; these effects were dependent 
on the doses given [Samaan, 1935 6]. It was invariably noted, firstly, 
that the blood flow recovered to its resting level much earlier than the 
return of the urine secretion to the normal value and, secondly, that the 
effect of post-pituitary extract on the blood flow became more pro- 
nounced after establishing water diuresis. The blood-pressure showed a 
slight rise. 

Adrenaline. The intravenous injection of small doses (0-00002-0-0005 
mg. per kg.) was followed by a definite reduction of the renal blood flow 
and a transient negligible inhibition of urine; the blood-pressure showed | 
a moderate rise which soon passed away. Larger doses, although asso- 
ciated with similar but more marked changes in the urine flow and in 
the blood-pressure, affected the renal blood flow in a peculiar way, 
namely, (a) an immediate temporary reduction followed by (6) a pro- 
nounced increase which coincided with the adrenaline hypertension, then 
(c) a diminution—sometimes very marked—and finally (d) a return to 
the resting value. As in the case of post-pituitary extracts the effect of 
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adrenaline on the renal blood flow became so pronaunced aftet estab- 
lishing water diuresis that even 0-0004 mg. per kg. affected the blood 
flow in the same manner as the large doses did. 

Observations on the effects of tissue dehydration and Sharees are 
—— to a further communication. | 
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| Actions of antidromic impulses on ganglion cells. 
By J. ©. Ecouzs. (Physiological Laboratory, Oxford.) 


Volleys of impulses travelling antidromically down the main post- 
ganglionic trunk of the superior cervical ganglion have been set up by 
stimuli applied through electrodes on the isolated trunk several mm. 
beyond the ganglion. When the grid lead to the amplifier is placed on 
the ganglion, and the earthed lead on the postganglionic trunk between 
the stimulating electrodes and the ganglion, the passage of an antidromic 
volley is signalled by the usual diphasic action potential. With strong 
stimuli this diphasic response is double, the first part being due to the 
fast impulses, S,, in the fibres supplying the structures in the orbit, the 
second part to the slower impulses, S,, in the vasomotor and pilomotor 
fibres. 

An antidromic volley renders the S, ganglion cells absolutely re- 
fractory, a maximal preganglionic volley failing to set up a discharge 
for at least 5 msec. Recovery occurs gradually during a relatively re- 
fractory period in which a preganglionic volley sets up a smaller discharge 
with a longer synaptic delay, the lengthening never being more than 
3 msec. The latter part of the relative refractoriness runs on to the phase 
of depressed excitability described later. 

The diphasic response to an antidromic volley overlaps a later slow 
positive potential wave (ganglion positive to postganglionic trunk), which 
closely resembles the wave set up in the ganglion by a preganglionic 
volley, but it runs a slightly quicker temporal course (maximum at about 
80 msec.) and has always been smaller in potential, though in some 
experiments this discrepancy has been very slight. Various methods of 
analysis, ¢.g. the action of nicotine, have shown that the slow — 
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wave set up by a preganglionic volley is composed of a negative wave, N, 
overlapping a slower positive wave, P, both waves reaching a maximum 
at about 20 msec., but N decaying at more than twice the rate of P. 
Similarly analysis shows that the slow potential wave set up by an 
antidromic volley is composed of an N wave overlapping a P wave, but, 
relative to the P wave, the antidromic N wave is always smaller. 

The N wave set up by a preganglionic volley is closely associated 
with an increased excitability of the ganglion cells, c.e.s., and similarly 
with the P wave and a diminished excitability or c.i.s. This close asso- 
ciation also obtains for the N and P waves set up by an antidromic 
volley, the relatively smaller N wave being associated with a small 
excitation that is submerged beneath the depression of excitability 
associated with the larger P wave, and only produces a demonstrable 
facilitation when this P wave and its associated depression is occluded 
by a pre-existent P wave. Analysis by the interaction of successive 
volleys and by the action of nicotine indicates that this excitation and 
depression produced by a preganglionic volley are identical with the 
c.e.8, and c.i.s. set up by a preganglionic volley. — 

It has been suggested that the slow negative and positive potentials 
of nerve cells and the associated excitation and inhibition are analogous 
to the negative and positive after-potentials of nerve and the associated 
supernormal and subnormal phases, and are only set up in consequence 
of the discharge of impulses by those cells. However, the c.e.s. responsible 
for the facilitation of the ganglion cells in the subliminal fringe cannot 
be thus explained, and corresponding to this there is evidence that a 
subliminal preganglionic volley sets up a small N wave. Moreover, even 
when the refractory period set up by an antidromic volley prevents a 
preganglionic volley from evoking a discharge of impulses from the 
ganglion cells, the N wave and c.e.s, of the latter volley are not appre- 
ciably diminished. Thus preganglionic impulses must be able to set up 
in the ganglion cells c.e.s. and the associated N wave independently of 
the discharge of impulses by those cells. That this is so is also indicated 
by the much smaller N wave set up by an antidromic volley, for pre- 
sumably as in peripheral nerve after-potentials would be independent 
of the direction of travel of the impulses, an antidromic impulse pro- 
ducing the same effect as the discharge of an impulse. 

With the P wave and c.i.s. the evidence is less clear, but, as in many 
experiments the P wave produced by a maximal antidromic volley is 
much less than that set up by a maximal preganglionic volley, it seems 
that preganglionic impulses must also give rise to a P wave additional 
to that set up by the discharge of impulses by ganglion cells, such sai 


ganglionic impulses being inhibitory. 
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Thus we have preganglionic impulses setting up an N and probably 
a P wave by direct action on the ganglion cells as well as indirectly _ 
through the impulses which they stimulate the ganglion cells to discharge, 
and both N waves are associated with an increased excitability and 
‘both P waves with an inhibition. It seems probable that the preganglionic 
and antidromic impulses cause the ganglion cells to produce N and P 
waves by acting on them in some identical way. The only likely factor 
which would be common to both seems to be the eddy currents associated 
with the transmission of these impulses. It is conceivable that such 
currents in preganglionic fibres lying in close contact with dendrites 
would have an action on the ganglion cells very similar to impulses in 
the dendrites themselves. 


A new type of interaction experiment with the retinal action 
potential. By Racnar Granit, B. and P. 0. Taerman. 
(Physiology Institute, Helsingfors Unwersity.) 

The evidence for interaction between adjacent areas in the retina, 
inasmuch as it refers to the retinal action potential, has recently been 
criticized by Fry and Bartley [1935] on the basis of an experiment 
which they hold to demonstrate that the main part of the initial positive 
b-wave is caused by non-focal irradiated light. In this experiment 
(rabbit’s eye) two adjacent bright areas against a black background 
were stimulated alternately so that one area was covered the moment 
the other one was exposed. Separately stimulated, the areas gave 
potentials a and b. At fast rates of alternation summed responses, a +, 
of partly overlapping sequence were expected, but contrary to expecta- 
tion no potential whatsoever was obtained (presumably after the first 
initial b-wave caused by the first flash). The absence of an effect was 
explained by the hypothesis, that the sum total of stray light, being 
independent of which area was stimulated, acted as a constant stimulus 
of far greater strength than the alternating focal points. The focal light, 
on this hypothesis, elicits only a negligible fraction of the b-wave. The 
rest is due to the receptors in the non-focal area. 

In view of work which for some time has been going on in this 
laboratory the “stray light” hypothesis seemed to us extremely im- 
probable. We therefore decided to test it by removing irradiation as a 
factor in the experiment and by simplifying the experimental conditions 
in general. 

_. From a dark-adapted, excised and enucleated frog’s eye leads were 

taken to a five-stage condenser coupled amplifier (large condensers) 
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operating a cathode-ray oscillograph. With a lens of good optical pro- 
perties, possessing a closely fitting iris diaphragm, the images of two 
bright spots of light against a black background were focused directly. 
on to the retina. At their focus the spots were about 0-4 mm. in diameter 
and about 0-3 mm. apart. The focusing (micrometer screws) having been 
carried out, we first reduced the opening of the diaphragm and then 
diminished the intensity of the light by means of neutral tint filters until 
the potentials (b-waves), elicited by the single spots, were about 50uV. 
With the full intensity and the diaphragm maximally opened a common 
faint halo of irradiated light could just be seen around the spots when 
the retina was replaced by a strip of white paper. About 50uV. were 
obtained with the diaphragm narrowed so that the spots themselves 
could just be detected on the retina, the intensity afterwards having 
been reduced to 1/100th of the original level. 

If the b-waves of the individual spots, A and B, separately stimulated, 
be a and , a large deficit in the sum, a+, with simultaneous stimulation, 
might be due to interaction, irradiation or other factors. Such cases 
have occurred, but they need not detain us here. Our criterion of re- 
stricted stimulation was, that, within 10-15 p.c. the sum, a+6, should 
be obtained when both were stimulated simultaneously, an interval of 
3 min. between the exposures being allowed for restitution. As the non- 
focal halos of the individual stimuli overlapped over an area of several 
mm. in diameter and probably were subthreshold stimuli anyhow, a 
sum total of approximately a+b must mean that the individual focal - 
effects were responsible for the potentials obtained, or at least for some 
85-90 p.c. of them, and hence that non-focal irradiated light was 
negligible. 

Absence of irradiation having been established by this criterion 
in casu, B was made to follow A after a short interval of darkness. 
Despite the fact that the two stimuli summed when simultaneously 
exposed, the second, B, gave no effect whatsoever when it followed 
after the first, A—roughly on top of the b-wave elicited by A. Thus, 
although the retinal locus of B itself had not been stimulated, it re- 
sponded as if the flash on A had spread to it. In fact, the same result 
would have been obtained by stimulating A twice at the corresponding 
interval. We conclude that the electrical charge, caused by restricted 
focal stimulation, spreads over adjacent parts of the retina, thereby 
indirectly causing changes which cannot be distinguished from those 
that follow from direct stimulation. 

The results disprove Fry and Bartley’s hypothesis that the retinal 
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action potential is caused by stray light, provide a simple explanation 
of their results in terms of interaction, and confirm the view [Granit, 
1933; Granit and Therman, 1935] that the retinal action potential is — 
localized to the synaptic layers of the eye. 
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Distribution of histamine between plasma and red blood cor- 
- puscles. By G. V. Anrep and G. 8. Barsoum. (University of Cairo 
Medical Faculty, Egypt.) 

It has been shown by Barsoum and Gaddum for the rabbit that 
about 15 p.c. of the histamine content of 1 c.c. of blood is in the plasma 
and about 85 p.c. in the red blood corpuscles. Considering the volume — 
of corpuscles as 40 p.c. this gives a corpuscle/plasma ratio of histamine 
as 10:1. In our experiments, in which we determined the histamine 
equivalent of whole blood and plasma as well as the hematocrite value, 
we found for the rabbit ratios well above 10:1, sometimes as high as 
18:1. In dog’s blood, however, this ratio is of the order of about 1 : 1. 
The present experiments were made on dog’s blood which was de- 
fibrinated, citrated or to which chlorazol fast pink was added as an 
anticoagulant. When histamine is added to the blood the original 1 : 1 
ratio is disturbed only for a very short time. Blood which is centrifuged 
immediately after addition of histamine may show a ratio of about 

4 or 2:1, but when it is centrifuged about 5 min. later no difference 
between corpuscles and plasma can be found. This was found to hold 
true for concentrations varying between 20 and 15,000y per litre of 
blood. It is of interest that although histamine penetrates into the blood 
corpuscles with extreme ease it diffuses or becomes detached from them 
with the greatest difficulty if at all. A few minutes after the addition 
of histamine to the blood, the corpuscles are centrifuged, washed in 
‘normal plasma and suspended in the plasma of the same blood to which 
no histamine was added. The histamine-rich corpuscles in the histamine- 
poor plasma are then kept for different lengths of time at 37° C., centri- 
fuged, and the histamine is determined in the plasma and in the whole 
blood, while the volume of the corpuscles is determined by the hemato- 
crite. The following experiments serve as an example. The histamine 
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concentration is given in y per litre. The determinations were carried 
out by the method of Barsoum and Gaddum [1935], the accuracy of 
which was confirmed by us to be somewhat under 10 p.c. Each deter- 
mination was repeated three to four times. In Exp. 3 the red 
blood corpuscles were not washed in the histamine-poor plasma, 
hence the histamine content of the plasma after it had been changed 
became increased. 


Exp. 1 Exp. 2 Exp. 3 
Before addition Whole blood 33 —_ 25 
of histamine: 33 — 25 
After addition Whole blood 500 500 15,000 
of histamine: Plasma . 500 500 15,000 
Red blood corpuscles Red blood 
washed, plasma Plasma not not washed, fare 
changed changed 
Plasma after 20 min. 33 — 250 
” 40 ,, 33 
” 60 ,, 33 500 250 
90 ,, 500 250 
Whole blood after 90 min. 200 500 6,500 
Corpuscles calculated from 500 500 14,000 
hematocrite value 


In contrast to the behaviour of histamine in shed blood, it is well 
known that it disappears from the general circulation within a com- 
paratively short time. We found in the dog that after an intravenous 
injection of 0-5 mg. per kg. body weight the histamine concentration of 
the blood returned to normal in about 3 hours. The cause of this rapid 
disappearance of histamine from the circulating blood lies mainly in the 
tissues and most probably in the presence of histaminase. This is sup- 
ported by the fact that an addition of fresh extracts of tissues to the 
whole blood im vitro containing a high concentration of histamine leads 
to a rapid disappearance of it from the plasma as well as from the blood 
corpuscles. For example, the histamine concentration of the blood was 
increased to 500y per litre, and 1 hour later it was found to be the same. 
Neither did the histamine-rich blood corpuscles which were suspended 
in a plasma containing 25y per litre add any histamine to the plasma 
nor did they lose any histamine themselves. On addition to the hista- 
mine-rich corpuscles suspended in histamine-poor plasma of 0-25, 0-5 
and 1 c.c, of a saline kidney extract to 10c.c. of blood each, the corpus- 
cular histamine diminished in 1 hour by 20, 35 and 45 p.c. respectively. 
The kidney extract added to the histamine-rich corpuscles which were 
suspended in histamine-rich plasma caused a diminution of histamine 
of about the same order. | 
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A simplified arrangement for the Haldane gas-analysis ap- 
paratus. By Dovetas H. K. Lex. (Introduced by C. Lovarr Evans.) 


In this arrangement there is only one tap connecting the burette to 
the absorption pipettes, no matter how many of the latter there are. 
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The tap key (K) contains a single bore (@) commencing at its posterior 
end (section on Br), running forwards along the axis of the tap, then 


bending at right angles and emerging at the side in the plane of the 
gas intake (J) and pipette leads (section on Ax, P,, P,, P;), which are 


arranged in a circle at right angles to the tap axis. The burette lead (L) — 


opens into the back of the tap opposite the key bore. The calibration of 
the burette includes the small space at the back of the tap and the bore 


of the key. A small splash bulb (F) above the main burette valb | is 
advantageous. 


| 
a 
» 
Yj | | 
z ; 
SECTION on AX 
4 \A 
' 
4 \ 
4 
iq 
24 x 
S 
q ECTION on BY 
AG, 
2 
| 


ATA 
Fy 
5 


SOCIETY, OCTOBER 19, 1935. 89 P 


The advantages of this arrangement are: (i) simplicity of use and 
explanation to students, (ii) reduction of possibilities of tap leakage, 
(iii) impossibility of mixing the contents of absorption tubes or of getting 
the contents of more than one into the burette. The small unjacketed 
dead space at the back of the tap is not a disadvantage if balanced by 
a proportional unjacketed space in the control burette system. 


Acknowledgments are due to Mr Trendall for interest in the production of this 
arrangement, and to the Medical Research Council for a grant from which expenses were 
defrayed. 


The regulation of cardiac rate during exposure to heat. 
By R. A. Grecory and D. H. K. Lzx. 


That the cardiac rate of the intact subject rises during exposure to 
heat is common knowledge. Other circumstances also tend to raise the 
cardiac rate; and it is interesting to notice what happens when one of 
the latter factors is coincident with heat. Others [Dill e¢ al. 1931; Hill 
and Campbell, 1922] have shown that moderate muscular work has a 
greater effect upon cardiac rate when the environment is hot. We have 
observed similar results when the incidence of dehydration, food intake, 
and atropine or thyroxine administration is added to that of exposure 
to a dry-bulb temperature of 110° F. with the wet-bulb 90° F. 

Dehydration. After 5 hours in the hot room, subjects deprived of 
water had an unstable average rate of 122 beats/min., while others re- 
ceiving water had a steady average rate of 91 beats/min. Dehydration, 
acting alone, would probably not produce such a difference [K eith, 1924]. 

Food intake. The consumption of two boiled eggs, four “cracker” 
biscuits and 1 oz. butter in the hot room raised the rate by 14 beats/min. 
At a normal temperature such a meal has little effect. 

Atropine. In 2 hours the hot room raised the pulse rate of a subject 
by 8 beats/min. at the most; in a room at normal temperature 1/75 grain 
of atropine raised it by 8 beats/min.; the same dose in the hot room 
raised it by 39 beats/min. 

Thyroxine. In 2 hours the pulse rate of a subject in the hot room was 
raised by 14 beats/min. when he was reacting to 8 mg. of thyroxine 
injected 4 days previously, as against the outside maximum of a rise of 
8 beats/min. in the same room without thyroxine. 

It is evident from these observations that when two factors are acting 
coincidently upon the mechanism controlling cardiac rate, the resultant 


_ effect may be quite different from the algebraic sum of the effects of the 


same factors acting separately. It seems important that this fact should 
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be borne in mind when attempts are made to apply to an organism under 
natural conditions the results of experiments in which variables have 
been studied singly. It would be interesting to apply similar tests to 
other bodily equilibria. 

We are indebted to the London School of Hygiene and Tropical Medicine for the use 


of the Air-Conditioning Room, to the Medical Research Council for a grant to one of us 
(D. H. K. L.), to Dr C. Reid for assistance in the hot room and to Prof. C. R. Harington 
for the supply of thyroxine. 
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A modified balanced-input amplifier. By D. A. Ross. 


In the balanced amplifier designed by Matthews [1934] the im- 
pedance to earth is the same for both input leads. The system is of 
value for multiple recording [Adrian and Matthews, 1934], and is, 
in addition, insensitive to stray electrostatic fluctuations in the neigh- 
bourhood of the preparation; but it tends to be somewhat less quiet 
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Fig. 1. 


than the usual grid-earth-input amplifier because the grid-cathode 
impedance of both valves remains high whether the preparation 
is connected across the input or not. It accordingly seemed advisable 
to search for a circuit using the ordinary grid-cathode input, but in 
— 4 impedances to earth of both input leads could still be balanced 

esired. 

Fig. 1 shows such a circuit. The input valve is battery-coupled to the 
second stage, whose input is of the usual grid-earth type. The grid 
resistor of the first valve is a 100,000-ohm potentiometer, the movable 
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contact of which is earthed.! This enables one to “tune out” electrical 

interference which may cross the input leads asymmetrically, and also 
a permits ready conversion of the amplifier into the grid-earth type if 
o It will be noted that the presence of any leak between the second- 
stage grid line and earth will cause a partial feed-back, more than 90° 
out of phase with the input potential, on to the first grid, thus causing 
a loss in sensitivity. The grid-filament capacity of the second valve, 
4 together with the capacity to earth of the u.T. battery, provide such 
§ a leak for high frequencies, so that the amplification falls off as the 
frequency rises. The system is therefore best suited to low-frequency 
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amplification; but experiment shows that it will handle the usual run 
of nerve-action potentials tolerably well. Fig. 2 A and B show corre- 
sponding records of action potentials from a frog’s dorsal cutaneous 
preparation, A taken with the input potentiometer turned down to the 
cathode end, and B with it approximately 1 in the central position. The. 
balancing causes practically no reduction in the recorded height of the 
impulses, while the base line remains as good as before. 

The circuit may also be used with the first stage capacity coupled 
to the second, provided that the grid resistance for the second valve is 
very high. In this case, however, adverse feed-back is present at all 
frequencies, so that a considerable loss in amplification, greater at high 
frequencies, is encountered. Fig. 2 C and D are records containing both 

1 Direct connection between the cathode and heater circuit of the first valve is avoided 


because it would introduce the capacity to earth of the L.T. accumulator on to the lower 
input line. The system is not appreciably noisier than it is without the 250,000 resistance. 
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slow and fast impulses, taken with this last circuit from an antidromic 
dorsal cutaneous preparation. In C the cathode is earthed, as in A, while 
in D the input is approximately balanced and the oscillograph operated 
at four times the previous sensitivity in order to compensate for the loss 
in amplification. It is clear that in spite of its drawbacks the circuit 
could still be used for pure presence-or-absence work. 

Fig. 2 E and F illustrate the ability of the amplifier (as in Fig. 1) to 
tune out interference. E shows the base line with earthed input, where 
the preparation is in place and a disturbance is being picked up from a 
neighbouring D.c. power line. In F the amplifier is working under exactly 
the same electrical conditions, except that the interference has been 
tuned out. | : 


Note. With an unearthed system of this kind it is essential that all components of the — 
first stage (and more especially the u.T. battery) should be very carefully insulated from 
earth. It is advisable to stand the first stage, batteries and all, on a sheet of clean glass, 
and to take whatever precautions may be necessary to prevent the spread of acid or fumes 
from the battery. 
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